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In der vorliegenden Arbeit wird die Wärmeauskopplung aus einem Metalloxidpartikel-
strom untersucht, im Hinblick auf eine Anwendung der Metalloxide als thermochemisches
Energiespeichermaterial in einem punktfokussierenden solarthermischen Kraftwerk. Der
Schwerpunkt liegt auf der kombinierten Nutzung der thermischen und thermochemischen
Energie der Metalloxide, aufgrund des hohen Temperaturniveaus von ca. 1000 °C am Par-
tikeleintritt. Die Eignung eines Wanderbettreaktors in Gegenstromprinzip für die direkte
Wärmeübertragung zwischen Metalloxidpartikelstrom und Gasstrom wird experimentell
und numerisch analysiert. Dabei dient Manganeisenoxid ((Mn0.7Fe0.3)2O3) wegen seiner
chemischen Zyklenfestigkeit und geeigneten Reaktionstemperatur als Referenzmaterial.
Aufgrund der bekannten Neigung zur Agglomeratbildung nach mehreren Redoxzyklen,
wird zunächst die Wirkung einer Modifikation des Manganeisenoxides mit jeweils 20 %
ZrO2, CeO2 oder TiO2 auf die Partikelstabilität und chemischen Reaktivität experimen-
tell untersucht. Um den Einsatz in einem Wanderbettreaktor zu ermöglichen wird ZrO2
als geeignetes Additiv identifiziert, da hiermit die Agglomerationsbildung stark einge-
schränkt und die mechanische Stabilität verbessert werden kann. Die Wechselwirkung
zwischen der temperatur- und druckabhängigen effektiven Reaktionsgeschwindigkeit und
den Stoff- und Wärmetransportmechanismen wird numerisch mit einem 1D FEM Modell
sowie experimentell im Maßstab von 2 kW für einen Wanderbettreaktor ermittelt. Beide
Untersuchungen zeigen, dass die Oxidation eine nahezu isotherme Schicht im Wanderbett
bewirkt, worauf ein Segment mit einem ausgeprägte Temperaturgradienten anschließt.
Die numerische Analyse ergibt, dass der vorwiegende Anteil des Reaktionsumsatzes in dem
Segment mit Temperaturgradient erfolgt. Allerdings hemmt dort bei geringeren Tempera-
turen die Reaktionsgeschwindigkeit den Reaktionsumsatz und führt zu einer limitierten
Energiedichte der Mn-Fe-Oxid Partikel sowie Leistungsdichte des Reaktors. In dieser Arbeit
wurde gezeigt, dass die untersuchte Betriebsweise mit dem eingesetzten Manganeisenoxid
keine signifikanten Vorteile aufweist, da die Reaktionsgeschwindkeit keinen vollständigen
Reaktionsumsatz unter leistungsoptimierten Bedingungen zulässt. Eine Möglichkeit zur
Steigerung des Reaktionsumsatzes wäre, die Wärme während der Reaktion indirekt und





This thesis deals with the heat extraction from a metal oxide particle flow with regard
to an application of the metal oxides as thermochemical energy storage for a point-focused
solar power plant. The focus is on the combined utilization of the thermal and thermo-
chemical energy of the metal oxides, due to their initial high temperature level of around
1000 °C. The suitability of a moving bed reactor for the direct heat transfer between a
metal oxide particle flow and a counter-current gas flow is analyzed experimentally and
numerically. Here, manganese-iron oxide ((Mn0.7Fe0.3)2O3) serves as reference material,
as it features high chemical cycle stability, environmental compatibility of the raw mate-
rials and suitability of the reaction temperature. From literature, the tendency to form
agglomerates after several redox cycles is known, which is why a modification of the
material was investigated in this thesis in order to enhance particle stability and handling.
The addition of mostly inert ZrO2 or CeO2 diminished the agglomeration after several
redox cycles, and especially ZrO2 significantly improved the mechanical stability of the
particles. Therefore, the manganese-iron oxide was modified with 20 % ZrO2 to impede
agglomeration and thus to enable the continuous operation of the moving bed reactor. The
interrelation between the temperature and pressure dependent reaction rate and heat
and mass transfer mechanisms in the moving bed reactor was examined experimentally
in scale of 2 kW as well as numerically by means of a 1D FEM model. Both reveal two
characteristic temperature segments of the moving bed. At first, the particles travel through
a nearly isothermal bed segment, which can be attributed to the exothermic oxidation
reaction, followed by a segment with a pronounced temperature gradient, where the
sensible cooling dominates the temperature profile. The numeric analysis indicates that
the temperature gradient segment contributes most to the extent of conversion. However,
the temperature dependency of the reaction rate limits the extent of conversion at lower
temperatures and thus the energy and power density of the reactor due to high cooling
rates of the direct heat transfer operation. In the end, an additional indirect heat transfer
to an isothermal high temperature process in the nearly isothermal segment of the moving





The redox reaction of metal oxides can be applied for thermochemical energy storage
in e.g. concentrated solar thermal power plants. Due to the elevated temperature level,
the combined utilization of both the thermochemical and thermal energy of the metal
oxides is crucial for enhanced system efficiency and energy storage density. The presented
thesis contributes in this context with numerical and experimental investigations of the
heat extraction in a moving bed reactor, which is designed for direct heat transfer between
a metal oxide particle flow and a counter-current air flow and thus corresponds to the
discharging step of the thermal energy storage system. Furthermore, it is examined
whether the increased material requirements resulting from the continuous operation of
the reactor can be compensated by metal oxide modifications.
1.1 Motivation
How can the electrical power supply of an ever growing world population be reconciled
with criteria of sustainability, environmental compatibility and economics?
The discussion of the environmental compatibility of various energy conversion processes
for electricity generation is largely dominated by the amount of greenhouse gas emissions
correlated to the respective technology. As a result, the world wide electricity generation
based on renewable energy sources increased by 59 % from 2009 to 2017, accounting
for a share of 24.4 % of total electricity generation in 2017 [1]. Despite the promising
development of the renewable energy sector, the inherent intermittent character of solar
and wind power limits its growth. To decouple the energy supply from these renewable
sources from the energy demand, energy storage systems are indispensable. Thermal
energy storage plays a key role when large capacities have to be provided and especially
when the renewable energy source is originally in form of thermal energy, such as in
concentrated solar thermal power (CSP) plants [2]. The combination of CSP plants and
thermal energy storage systems can compensate for weather instabilities and extend the
operating time into the evening hours or even bridge the day-night cycle, thus enabling
a renewable base load supply at lower levelized costs [3]. For example, the Shouhang
Dunhuang 100 MW Phase II CSP plant in China can be operated up to 11 hours after
sunset due to a thermal energy storage based on molten salt [4].
Thermal energy storage can be divided into three categories according to the inherent
physical mechanism: Sensible thermal energy storage, latent thermal energy storage
or thermochemical energy storage. Sensible thermal energy storage is the most mature
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technology, followed by latent thermal energy storage, where thermal energy is stored or
released at a specific temperature via the phase transition between in general solid and
liquid phases with the corresponding latent heat. In contrast, the concept of thermochemi-
cal energy storage (TCS) is based on a chemically reversible reaction, e.g., of a gas and a
solid. Here, the charging process of the thermal storage corresponds to the endothermic
reaction, whereas the discharge represents the reverse exothermic reaction, whereby the
previously chemically bound reaction enthalpy is released again. By keeping the solid
and gas separately, the energy can be stored potentially loss-free and indefinitely in the
chemical bonds at ambient temperature [2, 5]. Although TCS systems promise the highest
energy densities in comparison to the other thermal energy storage technologies, they
are the least developed technology so far. The reaction systems that are suitable for TCS
cover a wide temperature range, e.g., from -20 °C in case of the ab-/desorption reaction
of coupled metal hydride [6] to 1400 °C in case of the redox reaction of Fe2O3 / Fe3O4
[5]. Due to the high operation temperature of CSP plants, chemically reversible redox
reactions of metal oxides are promising, as they react at elevated temperatures between
700 °C and 1400 °C [5, 7, 8, 9, 10]. These reactions can be described by the following
generic reaction equation:
MeOox + ∆RH MeOred + O2 . (1.1)
Here, MeOox and MeOred symbolize the oxidized and reduced phase of the metal oxide,
respectively. Since ambient air can provide the required oxygen for the oxidation reaction,
the gas handling is simplified and open reactors are feasible without the need of gas storage
[2]. This fact presents a major advantage in comparison to other TCS systems for high
temperature applications, e.g., hydrates (e.g. CaO / Ca(OH)2 with H2O) or carbonates
(e.g. CaO / CaCO3 with CO2).
1.2 A CSP plant operated with metal oxide particles
A solar tower power plant with the integration of metal oxides as TCS material and heat
transfer medium is schematically illustrated in Fig. 1.1. The presented system concept is
based on a metal oxide particle loop between a solar receiver for charging (reduction) and
a separate reactor for discharging (oxidation). In addition, two storage tanks at a high and
low temperature level enable the decoupling of the system’s capacity and thermal power.
The principle application of particles as a heat transfer medium and storage material
for point-focusing CSP plants has been initially investigated for sensible thermal energy
storage [11, 12, 13, 14]. In this context, particle temperatures of 990 °C were already
successfully demonstrated [15] and are further expected to rise above 1000 °C [16]. A
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Figure 1.1 System concept of a concentrated solar tower plant based on metal oxide particles as
heat transfer medium and thermochemical storage material.
similar concept for thermochemical materials was suggested by Schrader et al. [17]
employing the phase transition CoO / Co3O4, however, for a pressurized and thus closed
system. The thermodynamic evaluation revealed that a higher gas outlet temperature
of the oxidation reactor due to increased gas pressures yields higher system efficiencies,
although an additional compression power is required.
However, due to the elevated temperature level of the charging step, it is crucial in both
cases to extract not only the thermochemical energy of the metal oxides, but also the
inherent sensible thermal energy to enhance system efficiency and the energy density of
the particles. This idea of a hybrid thermochemical/sensible storage material was originally
suggested for honeycomb structures coated with, e.g., Co3O4 / CoO or Mn2O3 / Mn3O4
[18]. The demonstration in a lab-scale setup indicated a beneficial effect of the oxidation
on the exhaust gas temperature in case of cobalt oxide coated honeycombs in comparison
to a purely sensible honeycomb. In contrast, a coating with Mn3O4 did not enhance the
air outlet temperature during cooling [19]. Jafarian et al. [20] went one step further and
investigated a process based on cobalt oxide, where sensible, latent and thermochemical
energy is utilized as thermal storage for a CSP plant. In this concept, the solar receiver first
reduces and then liquefies the solid cobalt oxide particles, while the discharging step is
performed in two separated oxidation and quenching reactors. A process analysis revealed
that the oxidation reactor can be operated at a constant temperature and flow rate, despite
15
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a variable diurnal solar insolation.
In contrast to the investigated concepts, an open operation of the presented CSP system
(compare Fig. 1.1) could reduce the system’s complexity to a level that is comparable to an
application with inert particles as sensible thermal energy storage, while still exploiting the
potential higher energy density. For the realization of this CSP system, the solar receiver
and oxidation reactor need to be designed to ensure the non-isothermal redox reaction
of a continuous metal oxide flow (see Section 1.3.2). Besides, the metal oxide particles
need to meet material requirements like high reaction enthalpy, long-term cycle stability,
sufficient particle flowability and mechanical strength or low cost of the raw materials.
1.3 State of the art
The following sections present the state of the art regarding the application of metal oxides
for thermochemical energy storage and existing reactor concepts in this field. The first
section gives an overview about potential metal oxide candidates including system relevant
material properties. The subsequent section focuses on experimentally investigated reactor
concepts for the redox reaction of metal oxides.
1.3.1 Metal oxide candidates for thermochemical energy storage
In the last decade, several material screenings of metal oxide candidates were performed
with regard to an application as TCS material [5, 9, 10, 21]. Furthermore, the redox
reaction of metal oxides is also applied for water splitting or carbon dioxide splitting in the
field of solar fuels [22, 23, 24, 25] or in chemical-looping combustion (CLC), where metal
oxides act as an oxygen carrier [26, 27, 28, 29]. General Atomics evaluated 74 metal
oxide candidates based on thermodynamic equilibrium data, from which 16 possible redox
reactions for the application as TCS emerged [5]. Apart from iron oxide and copper oxide,
particularly cobalt oxide, manganese oxide and barium oxide were favored candidates
as TCS material in the context of a CSP system. The operating temperature, materials
costs, and results of a thermogravimetric analysis (TGA) concerning reaction kinetics
and thermal cycle stability as well as tests in a fixed bed reactor and a rotary kiln were
considered [5].
The most promising pure metal oxides are compared concerning their theoretical gravi-
metric energy density at the particular equilibrium temperature for an oxygen partial
pressure of 21 kPa with sintered bauxite as a widely applied sensible thermal energy storage
material in Fig. 1.2. The sensible share in energy density is based on a lower temperature
limit of 300 °C. For a simpler illustration of the sensible part and the thermochemical
part of the energy density, it is shown for a temperature range around the equilibrium
16
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Figure 1.2 Gravimetric energy density of selected pure metal oxides in comparison to sintered
bauxite as sensible energy storage material. The sensible share in energy density is based on a lower
temperature of 300 °C and an averaged specific heat capacity [30, 31]. In case of a metal oxide, the
energy density is depicted at a temperature range around the respective theoretical equilibrium
temperature for an oxygen partial pressure of 21 kPa [9, 30] and based on the theoretical reaction
enthalpy [5] plus the sensible share of energy density.
temperature. The combined utilization of sensible thermal energy and thermochemical
energy offers the potential for higher energy densities compared to pure sensible thermal
energy storage. Furthermore, Fig. 1.2 illustrates the influence of the varying reaction
enthalpies and equilibrium temperatures on the achievable energy density.
Cobalt oxide (CoO / Co3O4) is one of the most investigated metal oxide materials in
field of TCS owing to its high reaction enthalpy of 844 kJ/kg, based on the oxidized phase
Co3O4, with an equilibrium temperature of 890 °C in air [5]. In addition, superior chemical
reversibility is reported for 100 redox cycles by means of TGA [32]. However, cobalt oxide
poses a potential carcinogenic health risk to human and animals and is rather costly with
a raw material price of 20 €/kg [33].
Manganese oxide has several stable phases: MnO2, Mn2O3, Mn3O4 and MnO. The redox
reaction from MnO2 to Mn2O3 is irreversible in air atmosphere at ambient pressure and the
reduction temperature of the phase transition Mn3O4 / MnO is with around 1700 °C too
high for current application in CSP [5]. In contrast, the phase transition (Mn3O4 / Mn2O3)
is reported with an oxidation temperature between 500 °C and 850 °C, and reduction
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temperatures between 920 °C and 1000 °C [34]. The reaction enthalpy determined with
TGA ranged from 110 kJ/kg to 160 kJ/kg [34], which is below the theoretical reaction
enthalpy of 202 kJ/kg [5]. Nevertheless, the low toxicity and low cost of manganese
oxide results in a promising candidate for TCS at high temperatures. However, a slow
oxidation behavior of Mn3O4 is frequently observed, leading to the necessity of low cooling
rates [35, 18, 34]. A lower particle size was found to promote the densification of the
sample during 30 redox cycles in TGA, which impedes the O2 diffusion during oxidation,
resulting in lower oxidation temperature and reaction rates [35]. The experimentally
gained transition temperature of the forward and reverse direction of the redox reaction
did vary in many studies by a difference of up to 281 K [5, 8, 36]. This so-called ’thermal
hysteresis’ describes a temperature range where especially the oxidation takes a long time
to initiate and proceed.
The redox reaction of barium oxide (BaO / BaO2) was already considered for application
as TCS material in 1978 [37]. However, limited work has been published for this reaction
system. The redox reaction was reported as reversible but with decreasing conversion after
the first redox cycle performed with TGA [5]. The authors assumed that a layer of BaO2
was formed on the surface and acted as a diffusion barrier, which slowed the re-oxidation.
Several studies agree with the low cycle stability [38] or also report an incomplete redox
reaction of BaO / BaO2 [5, 37]. However, an impurity of Sr was discovered to foster
the reaction after some initial cycles for a sample containing 95 % BaO2 [39]. The
authors found sufficient cycle stability over 30 cycles with a reaction enthalpy of 390 kJ/kg
for samples with eliminated carbonate impurities. Furthermore, barium oxide is more
abundant than cobalt oxide and less toxic [39].
The application of iron oxide (Fe3O4 / Fe2O3) as thermochemical energy storage material
offers the advantage of high availability of the raw material, which is also of low cost
and non-toxic. However, a minimum reduction temperature of 1361 °C in an atmosphere
containing 20 % O2 or 1145 °C in an atmosphere of Ar was determined with TGA [10].
Furthermore, Block and Schmücker [9] detected significant sintering effects after 3 redox
cycles with a powder sample.
Copper oxide (Cu2O / CuO) was found to have a comparable reaction enthalpy to cobalt
oxide of 811 kJ/kg [5]. In addition, copper oxide is cost competitive and available in areas,
which are attractive for CSP. The transition between CuO and Cu2O in air takes place
at temperatures around 700 °C to 1000 °C, but the melting point of Cu2O of 1232 °C is
close and could cause problems like grain coarsening [5]. Hänchen et al. [40] reported
a decrease in O2 capture capacity with increasing number of cycles, which was assumed
to be caused by degradation and/or gas bypassing in the shrinking bulk. Agrafiotis et
al. [21] investigated two CuO powders in TGA. Both powders showed a reduction at
around 1040 °C, but strongly decreasing re-oxidation potential (- 50 % conversion after
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one reduction). Adjusting the heating/cooling rate and dwell time at different temperature
levels slightly improved the re-oxidation, but overall it was concluded that the phase
transition between CuO and Cu2O can not be reproducibly and quantitatively cycled even
for a few cycles. Poor reversibility was also reported by Alonso et al. [41]. While the
reduction reaction is rather fast [9], the re-oxidation was rather slow [5].
Criteria such as energy density, material price, long-term cycle stability, environmental
compatibility and toxicity of the chosen metal oxide play a decisive role with regard to
the material selection for a potential large-scale application in open reactor concepts.
Furthermore, the reaction temperature for ambient pressure application needs to be in
range of near future solar receiver temperatures. Non of the so far presented pure metal
oxides meet all the described criteria to an acceptable degree.
Recent research focuses on the adjustment and improvement of redox materials by
incorporating a second or tertiary metal cation [5]. In these mixed oxides, some primary
oxide cations are replaced by secondary cations causing a lattice charge imbalance and thus
enlargement of the anion vacancy density. The re-oxidation is faster, because the ionic mass
transport is increased by such vacancies. In addition, mixed solid oxides show stabilized
or improved long-term properties, which could be partially induced by a reduced grain
size of mixed oxides. Finally, the operation temperature can be adjusted and mixed oxides
can become cost efficient, due to mixing of low cost with some more expensive oxides
[5, 42]. As a result, many binary or tertiary metal oxides were recently investigated like
Co-Fe-oxides [34, 43], Co-Mn-oxides [8], Mn-Fe-oxides [34, 36, 44, 45] or Mn-Si-oxides
[46]. Furthermore, the non-stoichiometric reaction of pervoskites is suggested [47].
Manganese-iron oxides promise a long-term cycle stability [5, 45], a reduced temperature
gap of reduction and oxidation (thermal hysteresis) in comparison to the redox couple
Mn3O4 / Mn2O3 and faster re-oxidation reaction rates [36]. Therefore, the manganese-
iron-oxide system was chosen as a reference material for this thesis. Thermodynamic
and experimental investigations of the manganese-iron-oxide system reveal several stable
phases for applications in air, depending on the temperature and manganese-to-iron
ratio. At lower temperatures the oxidized phases in form of the cubic bixbyite phase
[(Fe3+,Mn3+)2O3], and the trigonal hematite phase (Fe2O3) or a mixture are favored
according to thermodynamics, whereas higher temperatures result in the reduced phase
in form of a cubic spinel phase [(Fe2+,Mn2+)(Fe3+,Mn3+)2O4], a tetragonal hausmannite
phase [(Mn2+)(Mn3+)2O4] or a mixture of both [34, 48, 49, 50, 51, 52]. However, the
exact position of phase transitions varies between the published phase diagrams. The
global reaction equation of manganese-iron-oxide
6 (MnxFe1–x)2O3 + ∆RH 4 (MnxFe1–x)3O4 + O2 (1.2)
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was experimentally verified for different molar ratios x = Mn/(Mn+ Fe) [5, 9, 34, 36].
The incorporation of Fe in the manganese-iron oxide enhanced the oxidation rate and cycle
stability in most cases. Furthermore, the distinct thermal hysteresis of pure manganese
oxide is diminished with increasing iron incorporation [36], although the reaction temper-
atures also rose [34]. The decreased thermal hysteresis is favorable, because considering
a high temperature thermal energy storage, thermal hysteresis results in a loss of exergy
[5]. In addition, an incorporation of Fe between 1 mol % and 40 mol % resulted in higher
reaction enthalpies in comparison to the redox pair Mn2O3 / Mn3O4 [36]. For example, a
reaction enthalpy of 233 kJ/kg was determined with simultaneous thermal analysis for a
molar manganese ratio x of 67 % [9]. The long-term stability was investigated with 500
thermal redox cycles of a sample synthesized of MnO2 with 0, 7.5, 10, 15, or 20 mol %
Fe2O3 incorporation [5]. The mixed powders were annealed in air at a temperature of
900 °C for 100 h to form the phases Mn2O3 + Fe2O3. The authors suggested an optimal
iron oxide composition of about 15 mol % (equaling 26 mol % Fe2O3 in Mn2O3), which
indicated improved redox performance, especially of the reduction, with continued thermal
cycling. However, sintering was observed independently of the Fe content, when comparing
as-processed and cycled material after 3 cycles [34] or 30 cycles [36]. Microstructures of
different manganese-iron oxides as-processed and after 500 cycles also revealed severe
sintering behavior especially for an iron content of below 10 mol % (equaling 18 mol %
Fe2O3 in Mn2O3) [5]. An incorporation of 10 mol % Fe resulted in a limited oxidation
ability in the work of André et al. [34], from which was followed that sintering is not
responsible for the limited re-oxidation and reactivity loss in case of pure Mn2O3 and
Mn2O3 with 10 mol % Fe. Furthermore, André et al. [34] identified a minimum Fe content
of around 15 mol % to avoid the formation of tetragonal spinel (Mn3O4), which impeded
the re-oxidation. The evaluation of 30 redox cycles with 0, 1, 5, 10, 20 or 40 mol % Fe
indicated that the addition of 20 mol % Fe promises the fastest oxidation reaction and
the highest reaction enthalpy [36]. Furthermore, 100 redox cycles of a manganese-iron
oxide with a molar Fe content of 25 % also resulted in sufficient cycle stability [45]. In
summary, the presented studies suggest an incorporation of Fe of about 15 mol % to
26 mol % for higher energy density, long-term cycle stability and enhanced oxidation rates.
The improved reaction characteristics are mainly attributed to the switch from a phase
transition between the cubic bixbyite phase and tetragonal hausmannite phase to a phase
transition between cubic bixbyite phase and cubic spinel phase [34, 36, 44]. Cubic spinel
shows a higher reversibility of the redox reaction than tetragonal hausmannite, because in
this crystal structure more Mn2+ are on octahedral sites, which is easier to oxidize than on
tetragonal sites as is the case for tetragonal hausmannite [34]. One other possible reason
for an improved oxidation rate with increasing Fe incorporation could be the increased
oxidation temperature, allowing for faster oxidation rates [36].
20
1.3 State of the art
Therefore, recent research indicates that the redox reaction of the manganese-iron
oxide has the potential for an application as thermochemical energy storage with low raw
material costs at a suitable reaction temperature for the CSP system. However, the design
of the solar receiver and the oxidation reactor need to take the effective reaction kinetics
of manganese-iron oxide into account to allow the combined utilization of thermochemical
energy and sensible thermal energy. In addition, next to the apparently sufficient cycle
stability of the redox reaction, a specific reactor concept might also require a high particle
stability, which needs to be addressed to permit the long-term use of the particles.
1.3.2 Reactors for thermochemical energy storage based on the redox reaction of metal
oxides
The system concept presented in Fig. 1.1 requires a solar receiver and oxidation reactor,
which are able to reduce or oxidize a continuous particle flow. Beside the essential criteria
of continuous operation, the reactors should guarantee a sufficient mass and heat transfer
between gas and solid, adjustable residence time, low mechanical stress for the material
and acceptable energy consumption of auxiliary devices, which is accompanied by a low
pressure drop for the gas phase [53, 54]. Furthermore, the utilization of metal oxides as
TCS material and heat transfer medium between the solar receiver and oxidation reactor
facilitates an open mode operation, which leads to a simpler and cheaper reactor design
due to less technical constraints like impermeability to gas or non-standard components
[53].
So far, investigations of solar receivers for the reduction of metal oxides in particle shape
for TCS are based on a rotary kiln concept [55, 41, 56], gravity-driven particle receivers
[57, 58, 59], a fixed-bed concept [60], a conveying plate concept [61], a particle suspension
concept [62] or a counter-flow fluidized bed concept [63]. Apart frommodeling approaches
and the reactor design of solar receivers based on metal oxide particles [57, 64, 61, 59, 62],
extensive experimental experience was gained.
A rotary kiln reactor was tested with cobalt oxide based powders in a solar furnace operated
at DLR in Cologne, Germany [55]. Up to 30 redox cycles proved the feasibility of the
concept with a maximum extent of reduction conversion of 70 % and wall temperatures
of up to 990 °C. Despite visible morphology changes due to sintering after the performed
redox cycles, the conversion rate did not show a correlation with the reduced surface area.
Insufficient mixing of the material was identified as one crucial improvement to support a
higher extent of conversion [55].
Another rotary kiln reactor was operated at the solar furnace HoSIER in IER-UNAM,
México with copper oxide particles in batch mode [41]. Wall temperatures up to 1000 °C
could be demonstrated and an extent of reduction conversion of almost 80 % in case of
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an atmosphere containing argon. However, the switch to an air atmosphere hindered the
reduction, which caused the maximum extent of conversion to drop to 40 %. In addition,
a decreasing reversibility of the redox reaction in the air atmosphere is reported, which
could be correlated with an even stronger agglomeration and sintering of the particles in
the presence of air instead of argon.
The first continuously working rotary kiln for a thermochemical energy storage based on
manganese-iron oxide particles was investigated in a solar simulator at DLR in Cologne,
Germany [56]. The receiver was closed with a window to enable the monitoring of the
O2 concentration in order to determine the reaction conversion. The first tests yielded an
extent of a conversion of 40 % with wall temperatures up to 1058 °C. However, the extent
of conversion is expected to increase by a prolonged residence time of the particles in the
hot zone.
Furthermore, Nie et al. [59] propose a gravity-driven moving bed solar receiver. Here,
particles flow through an absorbing section in quartz tubes, while they are heated by solar
irradiation. The quartz tubes are filled with wear-resistant and ultra-refractory insert
materials. So far, the flowability of inert particles in the tubes with an insert filling material
has been demonstrated in a cold-state [65].
In addition, the phase transition of Mn3O4 / MnO was investigated with a fixed-bed reactor
in a 7 kW solar simulator [60]. The crucible was heated to temperatures above 1400 °C
in atmosphere with varying oxygen concentration. No complete reduction to MnO was
observed with additional oxidation and reduction reactions including the phase Mn2O3.
Furthermore, a volume diminution of the particle bed and sintering of the particles resulting
in different morphological structures were reported [60].
Moreover, the concept of a gravity-driven particle receiver in scale of 5 kW thermal power
was demonstrated in the solar flux simulator in the Solar Fuels and Technologies Laboratory
at Georgia Tech [58]. Calcium manganite granular powder was reduced and heated while
flowing along an inclined plate in an irradiated cavity receiver. An intermittent flow
behavior was reported, caused by slightly agglomerated heap of granular powder at the
entrance of the incline. The total system efficiency nearly reached 70 % for steady-state
operation regarding the achieved temperature increase of the particles and reduction
conversion. Thus, an up-scaling to 100 kW is under progress.
In contrast to the extensive work on solar receiver design and demonstration, limited
work has been published about off-sun reactors, which are suitable for the oxidation of
metal oxide particles. A study about different contact pattern for thermochemical energy
storage based on manganese oxide with gas as a heat transfer fluid for CSP plants indicated
the advantage of continuously operated reactors in comparison to thermochemical batch
reactors [66]. The authors conclude that a counter-current flow pattern between the
heat transfer fluid and solid matter has the potential to enhance the gravimetric energy
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storage density, in case of attained full chemical conversion and for cycling the solid matter
between the outlet temperatures of the power block and the solar field. In this context, the
application of moving bed reactors, multi-stage fluidized beds or rotary kiln is suggested
for treating thermochemical storage materials as powders or granules [66].
Two types of particle based oxidation reactors are modeled for comparison in [67], namely
a densely-fixed moving bed and a gravity-driven particle reactor. The reactors are designed
for a later integration in an air Brayton cycle with a turbine inlet temperature of 1200 °C,
thus, the reactors need to withstand 16.7 bar to deliver hot and pressurized air to the
Brayton cycle. Based on this work, a counter-current falling-particle design was further
elaborated as an oxidation reactor in scale of 1 kW thermal power [68]. The reactor is fed
by preheated perovskite particles for subsequent oxidation and heat transfer to pressurized
air flow in direct contact. The falling particles are dispersed by the counter-current air
flow to enhance the heat transfer.
Furthermore, a reactor for fixed- or fluidized-bed operation for the redox reaction of pure
manganese-oxide pellets or manganese-iron-oxide pellets (5 % Fe) was designed and
demonstrated at the Universidad Politécnica de Madrid in cooperation with IMDEA [69].
The fixed-bed operation with manganese-oxide pellets resulted in a declining oxidation rate
of the material after the first cycle with deactivated material after 25 cycles. The fluidized-
bed operation improved the oxidation reactivity for a few more cycles and oxygen peaks,
caused by the reduction reaction, were detectable up to 10 out of 25 performed cycles.
Furthermore, the heat transfer between gas and solid was enhanced by the fluidization,
which was determined by the highest achieved air temperatures of 960 °C. In contrast to the
fixed-bed operation with pure manganese-oxide pellets, the manganese-iron-oxide pellets
showed a redox reactivity for all 25 thermal cycles in a fixed-bed operation. However, the
oxidation rate decreased with continued cycling. A material characterization revealed that
all thermally cycled material exhibit a reduced average diameter and increased hardness
in comparison to the initial material. However, sintering effects were visible in the lower
bed height in case of the fixed-bed operation with pure manganese-oxide pellets.
The application of manganese-iron oxide particles as TCS material was also investigated in
a fixed-bed reactor at DLR in Cologne, Germany [70]. The redox reaction of the particles
caused a plateau of the bed temperatures, which moved in flow direction through the fixed
bed. The bed temperatures were stabilized by the released or absorbed thermal energy
offering a prolonged charging or discharging period in comparison to sensible thermal
energy storage systems. Furthermore, the redox reaction affected the oxygen concentration
in the air flow, which provided the oxygen for oxidation and acted as heat transfer fluid. A
variation of air flow rates corroborated the pO2 − T -dependency of the reaction, which
was identified by the achievement of the highest plateau temperatures when applying the
highest air flow rate. Especially the lowest air flow rate did not provide sufficient amount
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of O2 and reduced the heat transport capability of the gas when the oxidation reaction
proceeded with higher reaction rates, which resulted in a lower and prolonged plateau of
bed temperatures. The variation of air inlet and initial bed temperatures revealed that
the reaction process is accelerated for decreased temperatures during discharging due to
the enhanced cooling effect. In the end, the authors concluded that the heat transport by
the air capacity flow and not the reaction rate poses the limiting factor for the advancing
reaction in the presented setup under the investigated operational parameters.
Metal oxides are also applied as oxygen carriers for CLC, which is a carbon capture and
storage technology. The concept is based on the reduction and oxidation potential of metal
oxides, which is utilized to oxidize fossil fuels in an oxygen-free atmosphere and re-oxidize
in air. Here, especially the oxidation of granular metal oxides in a separate reactor, where
the oxygen carriers are exposed to an atmosphere containing N2 and O2, shows similarities
with the application of metal oxides as thermochemical energy storage material. However,
both the reduction and oxidation of the oxygen carriers is usually performed at isothermal
conditions. Continuously operated reactors in the field of CLC are mainly designed as
circulating fluidized beds [71, 72, 73, 74, 75], but also as moving beds [76, 77, 78, 79].
Abad et al. [72] present a continuously operated system consisting of two interconnected
fluidized beds, one fuel reactor and one air reactor, with a thermal power of 1.5 kW.
No agglomeration or defluidization was observed during the experiments with Cu-based
oxygen carrier. Despite the decrease of oxygen in the air reactor due to the oxidation of
the metal oxides, no significant influence of the exothermic reaction on the temperature in
the air reactor is observed. These isothermal conditions in the air reactor were also found
in the interconnected fluidized beds in Xu et al. [75], in spite of the re-oxidation of the
Cu-modified manganese ores.
The fluidized bed in [71] was operated with manganese-iron oxide particles as oxygen
carriers at Chalmers in Gothenburg, Sweden. The particles exhibited a low physical stability,
but a sufficient oxygen release due to the reduction reaction when being fluidized in CO2
above 850 °C. This system concept, which is composed of two interconnected fluidized
beds was demonstrated with a thermal power of 100 kW by the same research group [73]
or even up to 1 MW at the TU Darmstadt in Germany [74].
In contrast, Zeng et al. [78] present a bench-scale counter-current moving bed reactor for
pretesting the isothermal oxidation of methane or syngas with iron-oxide based oxygen
carriers at 900 °C to 950 °C. Sampling ports for the gas concentration along the bed height
identified a region of inactive bed height, whose position was found to be a function of the
iron oxide to methane flow ratio. The performed experiments in Tong et al. [76] and Zeng
et al. [78] were pretest for a sub-pilot unit, which is composed of two counter-current
moving bed reactors in a total scale of 25 kW [77, 76]. Both moving bed reactors are
operated at isothermal conditions. In the ’reducer’, the oxygen carrier Fe2O3 is reduced to
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elemental Fe with methane as a reducing agent, whereas in the ’oxidizer’, the elemental
Fe is partially oxidized to Fe3O4 by steam to produce H2. A separate ’combustor’, designed
as a fluidized/entrained bed, provides the oxygen for a re-oxidation of the oxygen carrier
to the phase Fe2O3. A three day operation yielded nearly 100 % syngas conversion and
hydrogen purity in the ’oxidizer’ and ’reducer’.
A 30 kW moving bed reactor for CLC is operated at the Industrial Technology Research
Institute in Kaohsiung, Taiwan [79, 80]. Particles in the size of 2.5 mm containing different
amounts of iron-oxide (Fe2O3) modified with Al2O3 were applied as oxygen carriers. A
temperature increase of 120 °C is reported for the ’combustor’ which is attributed to the
oxidation of Fe3O4 to Fe2O3 at solid temperatures between 640 °C to 760 °C by an counter-
current air flow. Only minor attrition occurred which could be mainly caused by the
fluidization in the riser connecting the ’combustor’ at the top with the ’oxidizer’ at the
bottom of the setup.
In summary, the continuous reduction of a metal oxide particle flow has been already
successfully demonstrated in solar receivers. However, no continuously operated reactor
for non-isothermal oxidation of the metal oxides, which is necessary to utilize both the
thermochemical and sensible share in energy density, has been reported so far. Based on
the existing literature, the moving bed concept seems to be suitable for this specific and
mandatory requirements of the oxidation reactor in a CSP plant.
1.4 Objectives
For a demand-oriented renewable power supply by means of CSP plants, the integration
of thermal energy storage with an inherent decoupling of the storage capacity from
the system power is indispensable. An innovative implementation due to high energy
densities of the storage medium without increasing the system’s complexity, is in the form
of a continuously operated CSP system based on a particle flow of metal oxides, which
serve as thermochemical energy storage material and heat transfer medium. Due to the
elevated temperatures, it is crucial to utilize both the sensible thermal energy and the
thermochemical energy of the metal oxide particles to maximize the system efficiency.
Encouraging research has already been published on the integration of thermal energy,
involving the reduction of the metal oxides, using solar receivers. However, the extraction
of the thermal energy has not yet been sufficiently examined. Therefore, this thesis
investigates the implementation of a continuously operated reactor based on the moving
bed concept for the extraction of sensible thermal energy and thermochemical energy
from a particle flow of metal oxide as well as the resulting material requirements. The
work is performed on the basis of manganese-iron oxide acting as thermochemical storage




The manganese-iron oxide particles have to meet several requirements for a long-term
utilization in the suggested system concept. Next to chemical aspects like the reversibility
of the redox reaction, mechanical or technical aspects need to be considered as well,
e.g., attrition, agglomeration or flowability of the particles. However, the utilization of
manganese-iron oxide particles as thermochemical energy storage material in a fixed
bed reactor led to the formation of agglomerates after 17 consecutive redox cycles [70].
Results from fluidization experiments with different manganese-iron oxide particles in
the context of CLC confirm this agglomeration tendency [81]. Beside defluidization
of the bed caused by the agglomeration, the formation of fine dust was reported. The
addition of inert supportive material to metal oxide particles showed a beneficial effect
on the particle stability for application as oxygen carrier in CLC [82]. Therefore, paper I
investigates the impact of the addition of ZrO2, CeO2 or TiO2 to manganese-iron oxide
on agglomeration, attrition behavior and reactivity with regard to the specific conditions
relevant for thermochemical energy storage. The different samples were treated in an
attrition test rig, exposed to several redox cycles in a fixed bed reactor under harsh
conditions and in a TGA to trigger mechanical, thermal or chemical stress. In the end, the
most promising composition ((Mn0.7Fe0.3)2O3+ 20 wt.% ZrO2) allows the application in
the presented system including the continuously operated reactors.
Besides the reacting material, the reactor for discharging (oxidation reactor) has to be
understood and optimized with regard to the gas-solid heat transfer in order to ensure a
maximum reaction conversion and the extraction of the inherent sensible thermal energy.
In the reactor, the kinetics are interrelated with heat and mass transport mechanisms
due to the pressure and temperature dependency of the reaction kinetics of the metal
oxide. So far, no numeric investigation of a moving bed reactor considered the redox
reaction of metal oxides concerning not only the extent of conversion but also the resulting
temperature profile of the bed. Thus, paper II identifies the effect of the oxidation
conversion and corresponding release of the reaction enthalpy on operational parameters,
like mass flow and gas flow, as well as on the achievable energy density and thermal
power. A transient 1D model for a counter-current moving bed is proposed, based on
the oxidation of (Mn0.75Fe0.25)3O4, which is used as reference material. To validate this
model, experimental data from a fixed bed reactor are employed [70]. Sensitivity analyzes
are carried out to investigate the limiting factors of the moving bed in the context of
thermochemical energy storage application. The results reveal that the temperature
dependency of the reaction rate inhibits the energy and power density of the moving bed
reactor.
Finally, the experimental investigation of a counter-current moving bed reactor based
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on modified manganese-iron oxide particles is presented in paper III. It is the first contin-
uously operated reactor for non-isothermal oxidation of metal oxides. As the extraction of
sensible thermal energy naturally reduces the temperature of the solid, the reaction rate
of the thermochemical material is influenced. Hence, the impact of the reaction enthalpy
release on the temperature profile in a moving bed reactor, working in steady-state, was
experimentally studied. Additionally, the applicability of manganese-iron-oxide particles
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Stabilizing Particles of Manganese-Iron Oxide with
Additives for Thermochemical Energy Storage
N. C. Preisner,*[a] T. Block,[b] M. Linder,[a] and H. Leion[c]
Manganese-iron oxide particles are a promising candidate for
both chemical-looping combustion (CLC) and thermochem-
ical energy storage. In CLC, the ability of metal oxides to
oxidize fuels in an oxygen-free atmosphere and re-oxidize in
air is addressed. Whereas, reaction enthalpy is the main focus
of thermochemical energy storage for, e. g. concentrated solar
power or an industrial process that requires high temperature
levels. Sufficient mechanical strength of the particles while
they endure chemical, thermal, or mechanical stress is a
crucial factor for both concepts. Particle stability is inves-
tigated here by adding 20 wt.% of TiO2, ZrO2, or CeO2 as a
supportive material to (Mn0.7Fe0.3)2O3. Thermal cyclization
and temperature shock tests are conducted in a packed bed
reactor to identify chemical stability as well as the effect of
chemical and thermal stress. A subsequent particle size
distribution analysis is performed to determine the relevant
breakage mechanism. Attrition resistance is tested with a
customized attrition jet cup to estimate the mechanical
strength of particles. It is found that the high tendency of
unsupported manganese-iron oxide particles towards agglom-
eration can be improved with any of the chosen additives.
The particles with CeO2, and especially with ZrO2, as an
additive indicate an increase in resistance towards attrition.
However, adding TiO2 has a severe negative impact on the
chemical reactivity of the manganese-iron oxide.
Introduction
The characteristic redox reaction of metal oxides is applied in
several research fields, which are motivated by the necessity
to mitigate global warming. Metal oxides are currently
investigated for example as thermochemical energy storage
material, for solar fuel production, and for chemical looping
combustion. All of these applications utilize metal oxides in
the form of particles and thus rely on a sufficient stability of
the particles. Chemical looping combustion (CLC) is based on
the ability of metal oxides (oxygen carriers) to oxidize in a
reactor with air and carry oxygen to a fuel reactor, where the
metal oxides react with gas-phase combustibles.[1] In chemical
looping with oxygen uncoupling (CLOU), the metal oxide
releases gaseous oxygen in the fuel reactor, which is needed
to oxidize not only the gas phase but also liquid and solid
fuels.[2] The exhaust gas of the fuel reactor consists of CO2
and H2O, which can be easily separated. The only exhaust
from the air reactor is depleted air. Usually the concept is
implemented in the form of two interconnected fluidized beds
to allow a continuous operation with biomass, coal, methane,
or any other fuel. Reactor setups are tested that range from
lab-scale units,[3,4] a 100 kWth unit at Chalmers in Sweden,
[5] to
a 1 MWth pilot plant at TU Darmstadt, Germany.
[6] Recent
promising metal oxide candidates are perovskites[7] and Mn-
combined oxides, e.g. manganese-iron oxides.[8] Natural ores
are successfully tested.[9] Another application of metal oxides
is the production of solar fuels, namely H2 and CO, by
splitting H2O and CO2 with metal oxides.
[10] The produced
syngas can be further processed to denser liquid fuels via the
Fischer-Tropsch process. The high temperature needed for
reducing metal oxides in air is supplied by renewable sources,
e. g. a concentrating solar power plant. Implemented reactor
concepts focus on porous structured metal oxides[11] in a
rotary kiln,[12] moving particles in a fluidized bed reactor,[13] a
cavity reactor,[14] a moving bed reactor,[15–17] and a packed bed
reactor.[18   20]
Sustainable fuel conversion is the main objective of
chemical looping and solar fuel research. However, the
reaction enthalpy of the redox reaction is the main objective
of thermochemical energy storage research. Thermochemical
storage (TCS) systems are a promising way to increase the
flexibility of concentrated solar power plants (CSP) or
industrial processes operated at high temperature (700–
1000 °C).[21–26] Especially weather instability and expandable
operation time can be addressed with TCS systems to lower
the cost of CSP and provide dispatchable power generation.[27]
The reaction enthalpy of a chemical reversible gas-solid
reaction stores heat in the endothermic reaction path and
releases heat in the exothermic path. Solid gas redox reactions
of metal oxides in air are suitable candidates for exploiting
the accessible high temperatures of CSP. Besides applicable
reaction temperature, the metal oxide should feature suffi-
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cient mechanical strength, fast kinetics, high reaction enthal-
py, and cycle stability.
Since oxygen from ambient air can be used as the reaction
gas for a thermochemical reaction, no separate gaseous
storage is necessary. The concept of two interconnected
reactors for continuous charging and discharging is presented
by Schrader et al.[28] with CoO as thermochemical storage
material and heat transfer medium. A solar reactor for
reduction and an oxidation reactor are combined with cold
and hot storage tanks to feed an air Brayton cycle. For this
reason, the storage capacity and power are decoupled,
allowing the separate adjustment of both power and capacity.
In these continuous reactors, it is possible to extract
thermochemical and sensible thermal energy and, thus,
increase the energy density of metal oxide particles. So far,
solar receivers for the reduction of metal oxide particles by
direct solar radiation apply rotary kiln,[29,30] gravity-driven
particle receivers[31,32] or packed bed reactors.[33] A fluidized
bed reactor[35] and packed bed reactors[25,34] were investigated
for reactors that are able to oxidize metal oxide particles and
extract heat to a working fluid. A further development of the
packed bed to a moving bed as a reactor concept for
continuous heat extraction combines two main advantages.
First, thermochemical as well as sensible heat can be
extracted from the metal oxide particles to improve overall
efficiency, while a stable temperature of a working fluid is
allowed. Second, no moving reactor components at high
temperatures need to be handled since particles are trans-
ported by gravity in contrast to continuous reactors like rotary
kiln or sintering bands.
Manganese-iron oxides have an equilibrium temperature
in air atmosphere between 900 °C and 1400 °C, depending on
the manganese-to-iron ratio. Thermodynamic investigations
of the manganese-iron-oxygen system in air identify the cubic
bixbyite phase [(Fe3+,Mn3+)2O3], and the trigonal hematite
phase (Fe2O3) at low temperatures and the cubic spinel phase
[(Fe2+,Mn2+)(Fe3+,Mn3+)2O4], and tetragonal hausmannite
phase [(Mn2+)(Mn3+)2O4] at high temperatures as thermody-
namically stable phases.[36–39] The oxides are non-toxic and
show acceptable reaction time for oxidation and reduction as
well as cycle stability. Several studies have investigated the
redox behavior of manganese-iron-oxide systems with differ-
ent manganese-iron ratios for thermochemical
applications.[22,40–42] Equation (1) presents the global reaction
of manganese-iron oxides between bixbyite and spinel, which
can be initiated by changing oxygen partial pressure or/and
temperature.
6 ðMnxFe1-xÞ2O3 Ð 4 ðMnxFe1-xÞ3O4 þO2 ðgÞ ð1Þ
A stoichiometric weight change caused by the redox
reaction of 3.340 to 3.378% with the Mn-cation content (Mn/
Mn+Fe) x between 0 and 1 can theoretically be achieved.
However, agglomeration and particle stability problems occur
after a number of redox reactions of (Mn0.75Fe0.25)2O3 granules
in a packed bed reactor.[34] Under chemical looping condi-
tions, similar problems with manganese-iron-oxide particles in
a fluidized bed reactor have been reported.[43] A reactor
concept with moving particles, such as a reactor with a moving
bed or a fluidized bed, induces even greater stress on the
particles than a packed bed. The attrition of particles results
in the loss of material when small particles must be removed
and a recycling or filtration system becomes necessary.
Moreover, decreasing particle size causes higher pressure
losses and, thus, lowers the performance of a reactor setup.
Particles undergo several kinds of stress in a reactor, such
as chemical, mechanical, and thermal stress. As a conse-
quence, particles may split, become fatigued, fractures may
spall, or the surface may be smoothed due to attrition or
abrasion, leading to a shift in particle size distribution.
Mechanical stress includes particle-wall or particle-particle
collision. When the kinetic energy of a collision at high
velocity is absorbed, particles may fracture or be abraded. A
low velocity collision causes surface abrasion resulting in very
fine particles by smoothing the small edges on the particle.
Particles endure thermal stress in the form of high heating or
cooling rates, temperature gradients inside the particle, or
different thermal expansion coefficients of multiphase par-
ticles.[44] Chemical reactions can cause stress when phases with
different densities or molar volumes are formed, resulting in
intraparticle stresses, e. g. the reduction of Fe2O3 caused by
the expansion of ferrite oxide crystals.[45] A change in pore
structure may weaken the overall particle,[46] and the release
of gas during a reaction can cause an internal pressure
gradient in gas-solid reactions.
The agglomeration tendency of particles is an important
criterion for the expected useful lifetime of any thermochem-
ical storage material. Agglomeration can be caused by a
temperature exceeding the onset sinter temperature, chemical
reactions, or particle-collision-induced melting.[45,47,48] Since
any change in particle size distribution may have a tremen-
dous impact on reactor performance, possibilities to improve
the particle stability of chemically reacting Manganese-iron
oxides are addressed in this paper.
Particle strength can be improved by adjustments made in
the particle preparation, for instance, by choosing sol-gel
granulation, spray drying, using precipitation methods, or by
adding binders. Coating with a strong porous material can
also strengthen particles as well as introducing compressive
stresses by rapid heating and cooling of particles to harden
the particle surface without sintering or phase changes.[44]
The fluidized bed concept utilized in CLC can cause the
severe attrition of oxygen carrier particles. Thus, in the
research field of chemical looping, great effort has been put
into improving, measuring, and predicting the strength of
metal oxide particles and their agglomeration tendency.[50]
Adding supportive inert material, optimizing the calcination
temperature, or choosing an adapted preparation method
have shown promising results. Azimi et al.[51] have inves-
tigated the effect of different additives (40 wt.%) to spray-
dried (Mn0.75Fe0.25)2O3 particles on mechanical strength and
reactivity under chemical-looping conditions. Attrition resist-
ance was found to be substantially improved with the addition
of ZrO2 (monoclinic), depending on the calcination temper-


























































ature of the particles. For this reason, the use of a rather low
calcination temperature is recommended.[51] A fixed amount
of 7 wt.% TiO2 was added by the authors of
[52] for its
reactivity and magnetic properties to manganese-iron oxides
with a Mn :Fe ratio between 0 and 1 and under chemical
looping conditions. An increase in crushing strength was
found compared to particles without the addition of Ti.
Particle stability and the modification of metal oxides
have been comprehensively investigated by the chemical-
looping research community.[46,53–55] However, operation con-
ditions and applied reactor concepts differ between chemical-
looping and thermochemical storage applications. In CLC,
isothermal reaction conditions are mainly applied in O2
depleted air for the oxidation of metal oxides, and a fuel
atmosphere for the reduction of metal oxides.[2] In contrast, in
the thermochemical storage concept, the reduction in O2-
depleted air and oxidation in air are initiated thermally by
exceeding the equilibrium temperature or by changing the
partial pressure of O2 under isothermal conditions.
[34] Particle
size may vary depending on the applied reactor concept. For
these reasons, it remains uncertain if the findings from
particle stability investigations under chemical-looping con-
ditions can be applied to thermochemical storage applications.
This paper presents an investigation of the effect of the
addition of ZrO2, CeO2, or TiO2 to manganese-iron oxide on
reactivity, agglomeration, and attrition behavior under the
specific conditions relevant for thermochemical storage using
a moving bed reactor.
Results and Discussion
Characterisation of the material
A manganese-iron oxide with a Mn/Mn+Fe ratio of 0.7 was
chosen as a promising thermochemical storage material due
to its suitable redox reaction time and temperature, cycle
stability and reaction enthalpy.[22,41,42] To further improve the
mechanical strength of the material, ZrO2, CeO2, or TiO2 was
added as a support, each equaling 20 wt.% of the particle
composition. Detailed composition and material properties
are given in Table 1. The composition specifies the weight
fraction of raw materials used for producing the particles.
Scanning electron microscopy was used to characterize the
microstructures of all untreated samples (Figure 1). Internal
imperfections are visible in the polished microsections in the
figure. Further investigation with EDX indicated iron-rich,
manganese-rich, and additive-rich regions. A bimodal grain
distribution with larger Fe-rich regions and smaller Mn-rich
regions was identified in the (Mn0.7Fe0.3)2O3 particles. The
internal distribution of the additive material seemed to
increase in heterogeneity from Zr-cation, Ti-cation, to Ce-
cation. Detailed data can be found as supporting information.
Effect of additives on energy storage density
A modification with inert additives potentially lowers the
total energy density, since inert additives do not contribute to
the thermochemical share in energy density. Regarding the
sensible thermal energy stored in the particles, a supportive
material with high heat capacity should be favored in case of
thermochemical energy storage application, whereas a lower
heat capacity is beneficial in case of CLC application. Rutile
(TiO2) offers the highest mean heat capacity of
934.04 Jkg 1K 1 for temperatures between 600 K and 1300 K,
followed by ceria (CeO2) with 603.56 Jkg
 1K 1 and zirconia
(ZrO2) featuring 450.24 Jkg
 1K 1.[56] However, the bulk
density of manganese-iron oxides with the addition of ZrO2 is
slightly higher than with the addition of TiO2, which affects
the volumetric energy density of the storage material. When
inert, the support material does not contribute to the
thermochemical share of energy density.
According to reaction equation (1), a stoichiometric mass
loss of 3.366% can be calculated for pure (Mn0.7Fe0.3)2O3.The
additive, when behaving inert, reduces the stoichiometric
mass loss to 2.693% for (Mn0.7Fe0.3)2O3 with 20 wt.% of ZrO2,
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[a] The acronym describes the molar ratio of Mn and Fe cations and the
weight fraction of added ZrO2, TiO2, or CeO2.
Figure 1. SEM profile image with 5.0 kV acceleration voltage and working
distances of 8.0 mm (a, c, d) and 7.9 mm (b) of untreated Mn70Fe30 (a1),
Mn70Fe30_Ce20 (b1), Mn70Fe30_Ti20 (c1), and Mn70Fe30_Zr20 (d1).


























































TiO2, or CeO2. Thermogravimetric measurements with
Mn70Fe30, Mn70Fe30_Zr20, or Mn70Fe30_Ce20 confirmed
the stoichiometric mass loss of equation (1) with a deviation
of 0.04–0.06 wt.%. Whereas Mn70Fe30_Ti20 showed a higher
mass loss during reduction than pure Mn70Fe30, indicating
that equation (1) is not the predominant reduction reaction
under the given conditions.
Effect of thermal cyclization
The effects of chemical and thermal stress on supported
manganese-iron oxide particles were investigated and quanti-
fied in the study. The experiments were conducted in a
packed bed reactor to inhibit any friction of the material.
The effect of chemical stress on the particle stability and
the reactivity of pure manganese-iron oxide and manganese-
iron oxide with the addition of CeO2, ZrO2, or TiO2 were
investigated with thermal cyclization tests. The reduction and
oxidation was initiated by changing the set point temperature
of the oven between 850 °C and 1050 °C for 30 cycles.
The ability of manganese-iron oxides with different
supporting additives to perform reversible redox reactions in
air is illustrated in Figure 2 with the exemplary 25th cycle. An
increase in O2 concentration denotes the reduction to
(Mn0.7Fe0.3)3O4, and a decrease in O2 concentration denotes
the oxidation to (Mn0.7Fe0.3)2O3 for Mn70Fe30 according to
equation (1). The O2 concentration in the exhaust gas of
Mn70Fe30_Ti20 during thermal cyclization indicated no
relevant reduction or oxidation of the material, whereas pure
(Mn0.7Fe0.3)2O3 and the samples supported with CeO2 and
ZrO2 were reduced and oxidized in air atmosphere. The
increase in O2 concentration up to a peak of around 23.5% or
reduction down to around 17% was similar for the three
remaining compositions, but varied in time and in temper-
ature. The area under the O2 line correlates to the extent of
conversion. During the reduction of the 25th cycle, Mn70Fe30
reached the highest reduction conversion, even though the
reactive mass was identical for the three samples. A detailed
analysis of the oxidation conversion is given in Figure 3. The
endothermic reduction started at around 971 °C, which limited
the bed temperature during heating and the subsequent
isothermal phase. The initiation temperature of reduction,
however, seemed to decrease between Mn70Fe30_Zr20,
Mn70Fe30_Ce20 to Mn70Fe30. The exothermic oxidation
began slowly at around 966 °C and led to a temperature
plateau in the range of 895 °C for Mn70Fe30 and Mn70Fe30_
Zr20 and around 889 °C for Mn70Fe30_Ce20 during the
cooling phase. The initiation temperatures of reduction and
oxidation of Mn70Fe30 and Mn70Fe30_Ce20 were stable
during 30 temperature cycles and were in agreement with
reported equilibrium temperatures in phase diagrams.[36,37,39]
The initiation temperature of reduction and oxidation of
Mn70Fe30_Zr20 showed a slight increase during cyclization
from 975 °C to 983 °C in case of reduction and from 960 °C to
972 °C in case of oxidation. The conversion presented in
Figure 3 was calculated as oxygen loss in the gas stream due
to the oxidation of the particles relative to the stoichiometric
oxygen uptake of the active manganese-iron oxide content,
for the 2nd and last performed oxidations.
Only 28 cycles could be performed for Mn70Fe30_Zr20
due to practical reasons, while 30 cycles were conducted with
Figure 2. Measured bed temperature and set point temperature of the 25th cycle (upper curves) and O2 concentration (lower curves) of 25
th cycle of thermal
cyclization in lab-scale packed bed reactor with pure (Mn0.7Fe0.3)2O3 or supported with TiO2, ZrO2, or CeO2.


























































the other displayed compositions. Each sample has been
cooled to ambient temperature in air between the two
displayed cycles, because the cyclization was performed on
two consecutive days. The given time started at the end of the
isothermal step at 1050 °C. No conversion calculations were
performed for Mn70Fe30_Ti20 since the O2 concentration in
the exhaust gas indicated only minor reduction and oxidation
after one reduction during the first cycle. A detailed depiction
of the occurring phases is presented in Figure 8–11. The
manganese-iron oxides with the addition of CeO2 and ZrO2
showed a lower conversion than Mn70Fe30. While 85.2% of
the pure Mn70Fe30 sample could be oxidized during the 2nd
cycle, Mn70Fe30_Ce20 and Mn70Fe30_Zr20 reached a total
conversion of 80.8% and 65.5%, respectively. The length of
the temperature plateaus in Figure 3 reflects the discrepancy
between achieved conversion values, and the plateau forma-
tion is directly related to the highest oxidation rate. The
conversion trend of Mn70Fe30 and Mn70Fe30_Ce20 declined
with increasing cyclization number and showed no continuous
effect of the prolonged oxidizing conditions while the reactor
was cooled to ambient temperature after one day of experi-
ments. In contrast, the cooling-down phase of a Mn70Fe30_
Zr20 packed bed significantly improved the conversion of the
redox reaction, resulting in an increase in conversion for the
28th cycle of 70.75%. Furthermore, the reaction time needed
to achieve 0.1% to 50% conversion increased for Mn70Fe30
and Mn70Fe30_Ce20 from the 2nd to the 30th cycle. Up to this
point, Mn70Fe30 and Mn70Fe30_Ce20 seemed to be the most
promising candidates as energy storage material with respect
to oxidation behavior. It should be noted that the oxidation
conversion of Mn70Fe30_Zr20 benefited most of the pro-
longed oxidation during the cooling of the packed bed
between day 1 and 2. For this reason, a longer isothermal step
may improve the cycle stability.
To eliminate the influence of the experimental conditions
on the conversion results, the mass loss during 30 cycles of
each material was measured with a simultaneous thermal
analyzer. The temperature profile and the gas atmosphere
was adjusted according to thermal cyclization conditions. The
conversion of the 2nd, 15th, and 30th cycle was normalized with
the stoichiometric mass loss (Table 2). After a mass loss of
1.40% during the first reduction of Mn70Fe30_Ti20, only
minor mass changes were observed in subsequent cycles. All
materials, except Mn70Fe30_Ti20, showed stable conversion
rates over 30 cycles with thermal cyclization conditions.
A particle size distribution analysis can reveal the
predominant breakage mechanism. Therefore, the distribu-
tion before and after a treatment that caused stress to the
particles was compared.[58] In the differential particle size
distribution plot (Figure 4), positive weight fractions denote
an increase in the weight fraction for the given particle size,
whereas a negative value corresponds to a decrease in the
weight fraction for the given particle size. All samples were
treated in a vibrating machine for 10 minutes to separate the
different particle sizes according to the mesh sizes of the
sieves.
The particle size distribution of untreated Mn70Fe30_
Ce20 is included to illustrate the original particle size
distribution of all the tested materials, which showed a very
similar distribution. The Mn70Fe30 sample showed a high
tendency towards agglomeration as indicated by particle sizes
above the original 2–3 mm. In addition, the disintegration
mechanism led to the production of fines for Mn70Fe30 after
30 cycles, which is displayed enlarged in the right corner. An
image of a Mn70Fe30 agglomerate and Mn70Fe30 fines is
presented in Figure 5 and Figure 6, respectively. The bed
volume of Mn70Fe30 particles increased by 17%, which could
represent a particle “swelling” and result in an increased
amount of particles in the diameter range of 3–4 mm. Wokon
et al.[42] have reported a similar effect for (Mn0.75Fe0.25)2O3
particles in the size range of 1–3 mm after 100 redox cycles. In
addition, Brown et al.[46] have described an increase in the
swelling effect for pure iron oxide particles, when they
performed continuing redox reactions between Fe2O3 and
Fe3O4 phase. The authors identified the formation of a porous
instead of a lamella magnetite as the crucial point, and this
Figure 3. Oxidation conversion of Mn70Fe30 (blue), Mn70Fe30_Ce20 (green),
and Mn70Fe30_Zr20 (red), relative to the stoichiometric oxygen uptake of the
active manganese-iron oxide content in the sample, during the 2nd (-) and
28th (Mn70Fe30_Zr20) or 30th (- -) cycle of thermal cyclization in a packed
bed reactor. The bed temperature (-* -) is displayed for the 2nd cycle of each
composition as well as the set point temperature of the kiln.
Table 2. Conversion stability of pure and supported manganese-iron-oxide
particles. 30 Cycles were performed with a simultaneous thermal analyzer
with conditions similar to thermal cyclization experiments in a packed bed
reactor.
Material Cycle 2 Cycle 15 Cycle 30
Red. Ox. Red. Ox. Red. Ox.
Mn70Fe30 92.4% 91.5% 92.1% 91.8% 92.4% 91.2%
Mn70Fe30_Zr20 92.8% 92.1% 91.3% 91.7% 92.1% 91.3%
Mn70Fe30_Ce20 92.1% 92.1% 91.7% 91.4% 91.4% 89.9%


























































resulted in fragile particles with a tendency towards fragmen-
tation. Carrillo et al.[41] suspect that sintering processes, or
more precisely, a complete morphology change caused by
high temperature conditions for the reduction and oxidation
of Mn2O3/Mn3O4 or (Mn,Fe)2O3/(Mn,Fe)2O3 systems, are
responsible for low re-oxidation rates. Those authors present
sintering as a combination of densification and coarsening
phenomena. They suggest that the sintering process impedes
oxygen diffusion through Mn3O4 layers because of reduced
active surface or particle aggregation.
In contrast to Mn70Fe30, all supported manganese-iron
oxides showed no rise in bed volume height after 30 temper-
ature cycles. All the supportive materials obviously impeded
the agglomeration phenomenon to a minimum. Mn70Fe30_
Ce20 and Mn70Fe30_Zr20 particles showed a redistribution
of particle size from the lower end of original particle size to
slightly larger particles. Some particles must have agglom-
erated, since no “swelling” effect could be observed. In
contrast, Mn70Fe30_Ti20 particles tended towards breakage
instead of disintegration and showed no agglomeration
phenomenon.
In order to better understand and support the above
findings, a detailed analysis of the morphology of the samples
was performed. SEM images showed enlarged grains with
irregular morphology in a comparison of the particle surface
after thermal cyclization of Mn70Fe30, Mn70Fe30_Ti20,
Mn70Fe30_Ce20, and Mn70Fe30_Zr20 (Figure 7) with un-
treated material.
The addition of ZrO2 in particular seemed to reduce grain
growth on particle surface during thermal cyclization (Fig-
ure 7 c1-c2). In a comparison of manganese-iron oxide with
the addition of CeO2, ZrO2, or TiO2, Mn70Fe30_Ce20
developed the largest and most irregular surface grains and
the most agglomerates, which is in agreement with the
agglomeration tendency after redox reactions in air, indicated
by the differential particle size distribution (Figures 4 and
12a).
XRD analyses of samples after thermal cyclization
(Figures 8–11) suggested that ZrO2 and CeO2 are mostly inert
additives to (Mn0.7Fe0.3)2O3. This is in agreement with Bhavsar
et al.[48] However, the CeO2-supported manganese-iron oxide
sample was not completely oxidized after thermal cyclization
with subsequent cooling to ambient temperature in air.
Furthermore, the TiO2-supported manganese-iron oxide sam-
ple formed an iron-titanate phase, detected as pseudobrookite
(Fe2TiO5) with XRD, which also detected bixbyite (Mn2O3)
and hematite (Fe2O3). According to Anovitz et al.,
[62] pseudo-
brookite is formed from hematite (Fe2O3) and rutile (TiO2)
and remains stable above 585 °C, which explains the poor
reactivity of this sample (see Figure 2). Therefore, pseudo-
brookite could have been already formed during the prepara-
tion process of the Mn70Fe30_Ti20 particles.
Thermal cyclization experiments focused mainly on chem-
ical stress, but it must be noted that by initiating the redox
Figure 4. Differential particle size distribution of pure (Mn0.7Fe0.3)2O3 and manganese-iron oxide with supporting additives after 30 cycles of thermal cyclization
(TC) in a packed bed reactor compared to untreated particle size distribution with a close up of 0 to 1.2 mm particle size in the upper right corner. The values
display the difference between the weight fraction of each measured particle size range before and after particle treatment in a packed bed reactor. The green
dotted line symbolizes original particle size distribution before any treatment. The plotted particle size was calculated as arithmetic mean particle size of the
sieve sizes.
Figure 5. Mn70Fe30 agglomerate after 30 temperature cycles.
Figure 6. Mn70Fe30 bulk after 30 temperature cycles.


























































reaction over temperature variation, instead of oxygen
pressure variation, chemical and thermal stresses cannot be
separated completely. For this reason, additional “temper-
ature shock” experiments were performed.
Figure 7. SEM images with 5.0 kV acceleration voltage and working distances
8.0 mm (a1, b1, b2, c1, c2 and d1, d2) and 7.9 mm (a2) of Mn70Fe30 (a1,
a2), Mn70Fe30 Ti20 (b1, b2), Mn70Fe30_Zr20 (c1, c2) and Mn70Fe30_Ce20
(d1, d2) particle surface: untreated (1) and after thermal cyclization (2)
Figure 8. XRD pattern of the manganese-iron-oxide sample after thermal
cyclization. Mn2O3 (space group: Ia3) can be detected. This pattern overlaps
the Fe2O3 pattern (ICDD; PDF-2; #39-0238) (space group: Ia3), so that pure
Mn2O3, pure Fe2O3, or (Mn,Fe)2O3 cannot be distinguished.
Figure 9. XRD pattern of the manganese-iron-oxide sample with the addition
of CeO2 after thermal cyclization. Mn2O3 (space group: Ia3), CeO2 (space
group: Fm3 m), and Mn3O4 (space group: I41/amd) can be detected. As
described in Figure 8 overlap with the Fe2O3 pattern (ICDD; PDF-2; #39-0238)
(space group: Ia3) is possible, so that pure Mn2O3, pure Fe2O3, or (Mn,Fe)2O3
cannot be distinguished.
Figure 10. XRD pattern of the manganese-iron-oxide sample with the addition
of TiO2 after thermal cyclization. Mn2O3 (space group: Ia3) and Fe2TiO5
(space group: Cmcn) can be detected. As described in Figure 8
overlap with the Fe2O3 pattern (ICDD; PDF-2; #39-0238) (space group: Ia3) is
possible, so that pure Mn2O3, pure Fe2O3, or a (Mn,Fe)2O3 cannot be
distinguished.
Figure 11. XRD pattern of the manganese-iron-oxide sample with the addition
of ZrO2 after 30 temperature cycles. Mn2O3 (space group: Ia3) and ZrO2
(space group: P21/a) can be detected. As described in Figure 8 overlap with
the Fe2O3 pattern (ICDD; PDF-2; #39-0238) (space group: Ia3) is possible, so
that pure Mn2O3, pure Fe2O3, or a (Mn,Fe)2O3 cannot be distinguished.


























































Effect of temperature shocks
The effect of thermal strain on Mn70Fe30, Mn70Fe30_Ce20,
and Mn70Fe30_Zr20 samples was investigated by applying
high cooling rates to the packed bed. Fifteen subsequent
cycles in air and in N2 were performed. Since Mn70Fe30_Ti20
showed no stable redox reaction in the previous cyclization
test, it was excluded from further examination. A nitrogen
atmosphere prohibits the re-oxidation of previously reduced
manganese-iron oxide particles, whereas an air atmosphere
allows a re-oxidation reaction. It must be noted that due to
the fast average cooling rate of 110 4 Kmin 1, a complete
conversion was not reached in air. In general, conversion
decreased with cycle number for all samples. While a
conversion of 77.7% for reduction and 76.9% for oxidation
of Mn70Fe30 was achieved in the first cycle, the conversion
dropped to 26.9% for reduction and 31.1% for oxidation in
the 15th cycle. Mn70Fe30_Ce20 and Mn70Fe30_Zr20 indicated
a similar behavior with a decrease of oxidation conversion of
64.4% to 21.2% and 48.8% to 5.1% respectively.
However, a direct comparison with the experiments
performed in N2 showed clear effects that could be ascribed
to the chemical reaction. The differential particle size
distribution after a temperature shock test in air atmosphere
showed an agglomeration of Mn70Fe30_Ce20 and, especially,
Mn70Fe30 particles (Figure 12a). In contrast, thermal strain
seemed to provoke splitting of Mn70Fe30_Zr20 particles to
nearly half the original diameter.
The particle size distribution for Mn70Fe30_Ce20 and
Mn70Fe30 showed no direct splitting effect when the air
atmosphere allowed a redox reaction. In contrast, the temper-
ature shock test in the nitrogen atmosphere (Figure 12b) did
not initiate any agglomeration of any of the tested composi-
tions. This means that the agglomeration of (Mn0.7Fe0.3)2O3/
(Mn0.7Fe0.3)3O4 -based compositions is strongly related to the
phase change caused by the redox reaction in the oxygen
atmosphere and was not influenced by heating or cooling
rates up to 110 Kmin 1. An apparent higher splitting of the
Mn70Fe30_Zr20 sample in the nitrogen atmosphere than in
the air atmosphere could be caused by a stronger reduced
phase or experimental variance in sieving due to a rather low
mass of 10 to 12 g of sample. However, Mn70Fe30_Ce20 and
Mn70Fe30_Zr20 developed higher particle splitting due to
thermal stress than Mn70Fe30 particles (Figure 12b). It can
be speculated that there could be a superposition of splitting
and subsequent agglomeration process for Mn70Fe30_Ce20
because Mn70Fe30_Ce20 indicated minor particle splitting
during the temperature shock test in the nitrogen atmosphere
but no particle splitting when the air atmosphere allowed for
a redox reaction. In the end, the chemical reaction seemed to
provoke the agglomeration of unsupported manganese-iron-
oxide, and thermal gradients induced the splitting of ZrO2-
upported manganese-iron-oxide particles.
The morphology on the particle surface especially of
Mn70Fe30 and Mn70Fe30O_Ce20 changed with the 15
temperature shocks in air or nitrogen (Figure 13 a1–b2). An
EDX analysis of Mn70Fe30 after 15 temperature shocks in air
Figure 12. Differential particle size distribution after 15 temperature shocks in
air (TS-Air) (a) and nitrogen atmospheres (TS N2) (b) with Mn70Fe30,
Mn70Fe30_Ce20, and Mn70Fe30_Zr20 in a packed bed reactor.
Figure 13. SEM images with 5.0 kV acceleration voltage and working distances
8.0 mm (a1, a2, b1, c1, c2) and 8.1 mm (b2) of Mn70Fe30 (a1, a2),
Mn70Fe30_Ce20 (b1, b2) and Mn70Fe30_Zr20 (c1, c2) particle surface: after
15 temperature shock in air (1) or in nitrogen (2)


























































indicated Mn-rich areas as well as areas with an equal
distribution of Mn and Fe cations. Whereas an even cation
distribution was detected at the EDX measuring points of
Mn70Fe30 after 15 temperature shocks in nitrogen. EDX
analysis of Mn70Fe30_Zr20 after the temperature shock test
in nitrogen revealed an irregular distribution of Mn, Fe, and
Zr cations at the measuring points, whereas the EDX
measuring points indicated an equal cation distribution in
Mn70Fe30_Zr20 after the temperature shock test in air.
However, optically, the surface morphology of Mn70Fe30_
Zr20 seems to be the most stable one compared to the other
compositions after all experiments (Figure 7 c1–c2 and Fig-
ure 13 c1–c2). Detailed EDX data can be found as supporting
information.
Particle stability investigation
An attrition jet cup was utilized to estimate the tendency
towards abrasion of all four compositions in untreated form
and after the experiments above. The device was designed for
quick screening tests with a low sample weight of 5 g. The
mechanical stress in this attrition jet cup is much greater than
the stress found under moving bed conditions but may give an
indication of the mechanical properties of the sample. The
particle size distribution before and after an attrition rig test
showed, that the test rig caused both abrasion and fragmenta-
tion. Previous examinations of oxygen carriers in the attrition
jet cup indicated that the fine production follows either a
linear trend over time or a logarithmic trend with a stabilized
attrition rate after around 30 min.[54] Therefore, a total
attrition Atot (eq. 2 in Experimental Section) and the attrition
rate Ai (eq. 3 in Experimental Section) are used to describe
the attrition behavior. The attrition rate corresponds to the
slope of the attrition curve over time between 30 min and 1 h
operation. The total attrition Atot and the attrition rate Ai in
Figure 14 clearly demonstrate the improved attrition behavior
of processed material with the addition of ZrO2 and CeO2.
Mn70Fe30_Zr20 promised high particle stability. In
comparison to untreated particles, thermal stress, induced
with temperature shock test in air or nitrogen, had only a
minor effect on particle stability according to the attrition test
method. Fifteen temperature shocks even improved the
attrition resistance of Mn70Fe30_Zr20 (Figure 14b). In con-
trast, 30 temperature cycles increased the total attrition and
attrition slope of all material compositions, especially of the
unsupported manganese-iron oxide samples. Again, ZrO2 was
found to be the most promising supportive material regarding
attrition resistance. However, the attrition rate after thermal
cyclization tests with Mn70Fe30_Ce20 is in the range of the
Mn70Fe30_Zr20 sample (Figure 14b). In ceramic research,
ZrO2 is known to significantly improve the toughness of
alumina due to its high fracture toughness, which describes
the resistance of a material to the propagation of preexisting
flaws.[60,61]
The attrition values over time are displayed in Figure 15
with silica sand as a reference material. The Mn70Fe30
sample indicates a linear attrition rate, while the logarithmic
attrition curves of Mn70Fe30_Ce20 and Mn70Fe30_Ti20
reach a stable but high level in the figure.
The strong agglomeration tendency and low particle
stability (abrasion and disintegration) of Mn70Fe30, which is
mainly caused by the chemical stress, can be ameliorated by
supporting the manganese-iron oxide with ZrO2 or CeO2.
From a technical point of view, the choice of modified
material depends mainly on the mechanical and thermal stress
the particles will experience in the chosen reactor and process
concept. In applied reactor concepts, which cause high
mechanical stress, e.g. a fluidized bed reactor, Mn70Fe30_
Zr20 is the favored composition of the investigated materials
in this paper. The attrition test and the 30 temperature cycles
proved strong particle stability. However, in comparison to
the other compositions, Mn70Fe30_Zr20 indicated a tendency
to particle splitting when high temperature gradients oc-
curred. Considering reactor or process concepts with lower
attrition risk, e.g. a packed bed, Mn70Fe30_Ce20 showed
Figure 14. The total attrition (a) and the slope of the attrition curve of the last
30 min (b) of 1 h operation in the attrition jet cup of untreated particles and
processed in thermal cyclization (TC) or temperature shock (TS) in air or
nitrogen.
Figure 15. Attrition test of manganese-iron-oxide samples after thermal
cyclization. Silica sand is the reference.


























































advantages over Mn70Fe30_Zr20 particles since it reached
the highest oxidation conversion of all the modified particles.
Even though Mn70Fe30_Ce20 shows the highest attrition in
total numbers for the supported manganese-iron oxides, the
slope of the attrition curve (tendency for stabilization) is
similar to the results found using Mn70Fe30_Zr20 and a
major improvement over Mn70Fe30 particles. In conclusion,
supporting Mn70Fe30 with ZrO2 or CeO2 promises a
prolonged mechanical particle lifetime. However, it must be
noted that the production process influences the overall
stability behavior of the particles. In future research, an
optimal ratio of active manganese-iron-oxide particles to inert
ZrO2 or CeO2 content will be addressed in terms of particle
stability, agglomeration tendency, and reaction conversion.
Conclusions
The reactivity and particle stability of (Mn0.7Fe0.3)2O3 as an
active material supported by 20 wt.% of either CeO2, ZrO2,
or TiO2 was tested in a packed bed reactor and with an
attrition test rig. From a technical engineering standpoint, the
following conclusions can be drawn:
* Mn Fe oxides are very well suited as thermochemical
storage material and oxygen carrier material for chemical-
looping combustion.
* Pure (Mn0.7Fe0.3)2O3 showed the highest reactivity and
redox conversion. However, it also showed a great
tendency towards agglomeration and low particle stability,
which reduces the expected lifetime of the particle. There-
fore, a modification of this material is mandatory, despite
the drawback of reduced energy density.
* The addition of TiO2 led to a deactivation of the
manganese-iron oxide by forming pseudobrookite.
* Pure (Mn0.7Fe0.3)2O3 and (Mn0.7Fe0.3)2O3 supported with
CeO2 or ZrO2 showed sufficient cycle stability. The
reaction rate was faster with the addition of CeO2 than with
ZrO2 under the experimental conditions, but was still
slower than with pure (Mn0.7Fe0.3)2O3. Consequently, the
operational conditions must be adjusted (e.g. a longer
reaction time) to avoid incomplete conversion.
* All investigated additives hindered or clearly decreased the
agglomeration and improved the particle strength of
manganese-iron-oxide particles. Especially ZrO2 promises a
higher resistance towards attrition. A variation of the CeO2
or ZrO2 content should be addressed in future research to
optimize the particle from the attrition, agglomeration, and
reaction rate standpoints for use as thermochemical storage
material or oxygen carrier.
Experimental Section
Materials preparation
The Flemish Institute for Technological Research (VITO) in
Belgium produced the particles with a build-up granulation
technique by mixing the raw materials Mn3O4 (Chemalloy,
Trimanox), Fe2O3 (Alfa Aesar, 99%) and one of the supports
TiO2 (Venator, Hombikat™ M211), CeO2 (American Elements,
99%) or ZrO2 (Saint Gobain, 99.9% ZrO2+HfO2). A pretreat-
ment in air at 800 °C for 10 h allowed Mn3O4 and Fe2O3 to change
into the bixbyite (Mn,Fe)2O3 phase. After granulation, the
particles were sieved to a size between 2 and 3 mm.
Materials characterization
The weight loss due to reduction was measured with a simulta-
neous thermal analyzer from Netzsch (STA 449 F3 Jupiter®) to
confirm equation (1). Two particles with a total mass of 30 mg
were oxidized at 850 °C for 5 h in a Pt/Rh crucible without a cap
in an atmosphere containing 20% oxygen (Linde, 99.995%) and
80% nitrogen (Linde, 99.999%). The reduction was initiated by
increasing the temperature with a heating rate of 20 Kmin 1 up to
1050 °C in a nitrogen atmosphere and maintaining the temper-
ature for 5 h. A total gas flow of 100 mlmin 1 was kept constant
for the entire test.
An analysis of crystalline phases of manganese-iron-oxide
particles was performed with an X-ray diffractometer (Bruker D8
Advance with Cu-Ka1,2 radiation). Scanning electron microscopy
(Zeiss Ultra 55) gave information about the shape and morphol-
ogy of the particles and their polished microsection in combina-
tion with energy dispersive X-ray point measurements (Oxford
Inca Penta FETX3). EDX measurements were performed with
the secondary electron detector at a working distance of 8 mm
with accelerating voltage of 15.0 kW and are listed as supporting
information. Oxygen has been detected with EDX but is not
listed in the supporting information, due to inaccuracy of the
EDX measuring method in case of oxygen.
The bulk density was measured by filling and weighing a 50 ml
glass cylinder with 2–3 mm particles.
A customized jet cup is available at Chalmers University of
Technology in Gothenburg, Sweden, to evaluate the attrition
resistance of the oxygen carriers used for chemical looping
combustion. A detailed description of the attrition rig setup can
be found in.[54] A sample mass of 5 g was fit into an attrition cup
and was fluidized with a moisturized air flow entering the cup
through a nozzle. The particles were fluidized into a settling
chamber above the cup. A minimal gas flow of 16 Nlmin 1 carried
fines with a diameter below 10 μm through the settling chamber
to a particle filter at the top of the chamber, since the terminal
velocity of the densest particles equals the gas velocity in the
widest part of the settling chamber. The change of filter weight at
the gas exit corresponded to the fine production during the
measuring time. The total fine production Atot caused by attrition
for a measuring period of 1 h was calculated according to
equation (2).
Atot ¼ 100*
mf ;1h   mf ;start
ms
ðwt:%Þ ð2Þ
The attrition rate is describes the trend of the attrition curve





* mf ;1h   mf ;30 min
ms
ðwt:% h 1Þ ð3Þ
In equations (2) and (3), ms is the sample weight placed in the
cup and mf,t equals the filter weight for a given operation time t.


























































Experiments in a packed bed reactor
Thermal cyclization tests and temperature shock tests were
performed in a packed bed reactor. Particles were placed on a
porous quartz plate in a glass tube, and gas was introduced at the
bottom of the reactor (Figure 16). A detailed description of the
reactor setup can be found in.[51]
The set temperature for the oven was controlled by two
thermocouples (Pentronic CrAl/NiAl with inconel-600), each
enclosed in a quartz thermowell. One was placed 25 mm above
the quartz plate (T1), and one was placed 5 mm below the plate
(T2). The bed height always exceeded 25 mm and thermocouple
T1 was employed to determine the bed temperature. The reactor
could be used as a packed bed or fluidized bed depending on gas
velocity. A gas flow of 3 Nl min 1 was chosen for all experiments,
which resulted in a packed bed operation since the flow was well
below the minimum fluidization velocity.
Thermal cyclization was conducted by varying the temperature
with a heating rate of 20 Kmin 1 between 850 °C for oxidation
and 1050 °C for reduction in the packed bed reactor. The redox
reaction was initiated by changing the temperature. An isother-
mal step followed each heating and cooling phase for 12 min at
1050 °C and for 6 min at 850 °C. 30 redox cycles were performed
with a mass of 21 g manganese-iron oxide material or 26 g
supported manganese-iron oxide material to compensate for the
possibly inert additive. The thermal cyclization experiments were
executed on two consecutive days, and the packed bed reactor
was cooled to ambient temperature in air at the end of the first
day.
The fast cooling rates for the temperature shock tests were
achieved by opening the oven circa 4 cm to permit effective
cooling rates of 110 4 Kmin 1. A sample of 10 g manganese-
iron-oxide particles or 12 g manganese-iron-oxide with an
additive was placed on the quartz plate for temperature shock
test. The temperature shock tests were performed 15 times in air
for an oxidizing environment and 15 times in a pure nitrogen
atmosphere for a reducing environment.
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Abstract: High temperature storage is a key factor for compensating the fluctuating energy supply
of solar thermal power plants, and thus enables renewable base load power. In thermochemical
energy storage, the thermal energy is stored as the reaction enthalpy of a chemically reversible
gas-solid reaction. Metal oxides are suitable candidates for thermochemical energy storage for solar
thermal power plants, due to their high reaction temperatures and use of oxygen as a gaseous
reaction partner. However, it is crucial to extract both sensible and thermochemical energy at these
elevated temperatures to boost the overall system efficiency. Therefore, this study focuses on the
combined extraction of thermochemical and sensible energy from a metal oxide and its effects on
thermal power and energy density during discharging. A counter-current moving bed, based on
manganese-iron-oxide, was investigated with a transient, one-dimensional model using the finite
element method. A nearly isothermal temperature distribution along the bed height was formed,
as long as the gas flow did not exceed a tipping point. A maximal energy density of 933 kJ/kg was
achieved, when (Mn,Fe)3O4 was oxidized and cooled from 1050 ◦C to 300 ◦C. However, reaction
kinetics can limit the thermal power and energy density. To avoid this drawback, a moving bed
reactor based on the investigated manganese-iron oxide should combine direct and indirect heat
transfer to overcome kinetic limitations.
Keywords: moving bed; thermochemical energy storage; redox reaction
1. Introduction
High temperature thermal energy storage is one key factor for further proliferation of concentrated
solar power (CSP) plants. The integration allows a plant to decouple energy supply from energy
demand, e.g., for cloudy days or during the night. Thus, CSP coupled with thermal energy storage
is able to provide base load electricity, making it a renewable alternative for fossil fuel power plants.
Thermochemical energy storage is a promising option for thermal energy storage, next to latent or
sensible energy storage. In this concept the reaction enthalpy of a reversible gas-solid reaction is
utilized as thermal energy storage, which potentially enables loss-free energy storage in the form of the
separated products and offers the advantage of high energy densities [1,2]. The endothermic reaction
(charging phase) can be driven by concentrated solar thermal energy, while the exothermic reaction
(discharging phase) recovers the stored thermochemical energy during hours of high energy demand
or low solar irradiation. Usually, the separate storage of gas and solid for thermochemical energy
storage systems involves complex gas handling, e.g., for the CaO/CO2 or CaO/H2O reaction systems.
In contrast, metal oxides react with oxygen under atmospheric pressure. Oxygen as a gaseous reaction
partner drastically simplifies the system’s complexity, because ambient air can act as reactive gas.
Energies 2020, 13, 772; doi:10.3390/en13030772 www.mdpi.com/journal/energies
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Therefore, no separate storage of the gas is needed and an open reactor system is feasible, which makes
metal oxides suitable thermal energy storage material for CSP plants [3,4]. Furthermore, the utilization
of metal-oxide particles as heat transfer medium and storage material is possible. The investigated



















Figure 1. Concept of thermochemical energy storage based on metal oxide particles for solar tower
applications. The metal oxide particles are cycled between a solar tower, high temperature (HT) storage,
the reactor for discharging, and a low temperature (LT) storage.
Metal oxide particles are circulated between a solar receiver for charging and a continuously
operated reactor for discharging. At this point, it is crucial to extract the thermochemical and sensible
share in stored thermal energy to boost the overall system efficiency, since metal oxides react under
elevated temperatures (700 ◦C to 1400 ◦C [3,4]). The considered system concept is able to supply
dispatchable renewable energy. Furthermore, the storage capacity and system power are decoupled,
which results in an improved operational flexibility.
This work focuses, therefore, on manganese-iron oxide as a reference material to investigate the
simultaneous sensible and thermochemical heat extraction. The reaction equation of the redox reaction
of manganese-iron oxide is given below:
6 (Mn, Fe)2O3 + ∆R H 4 (Mn, Fe)3O4 + O2. (1)
The (Mn, Fe)2O3 granules with a Mn/(Mn + Fe) ratio of 0.75 were already successfully tested
in a lab-scale packed bed reactor by our group [5]. Moreover, sufficient redox cycle stability of
manganese-iron oxide has been proven by Wokon et al. [6], which represents a part of our preliminary
work for this study.
In the presented system (Figure 1), the discharging is realized using a moving bed reactor for
direct heat transfer to a counter-current gas flow. The moving bed concept is widely applied when the
redox reaction of metal oxides is in focus; e.g., in chemical-looping combustion (CLC) or for iron-ore
reduction in the steel-making industry. In general, a moving bed reactor presents a simple design
for continuous movement of particles with the possibility to transfer sensible and thermochemical
energy from the particles to a gas flow [7]. In CLC, high reaction conversion of metal oxide particles
has been reported for moving bed reactors in bench-scale [8], with a thermal power of 25 kW [9] or up
to 30 kW [7]. Furthermore, the moving bed design causes low mechanical stress for the particles and
low parasitic losses. Therefore, the concept of a moving bed reactor was chosen for this study.
Several steady-state models have been suggested for a moving bed simulation. A one-dimensional
(1D), steady-state model with an assumed local thermal equilibrium is presented for iron making
in [10] and validated with a lab-scale reactor. Optimal operational parameters for iron making using a
counter-current moving bed, i.e., a shaft furnace, are obtained with a 1D steady-state model in [11–13],
where no local thermal equilibrium between gas and solid is assumed. The authors of [14] set up a 1D
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model for the direct reduction of hematite in a moving bed in dimensionless form. The reaction in a
pellet is simulated with a three-moving-front model and the inclusion of the water-gas shift reaction is
discussed. Furthermore, a 2D model was developed, including a shrinking core model [15] for the
kinetics of iron oxide reduction.
Transient models have been proposed as well for both CLC and iron-making processes.
The authors of [16] developed a 1D model for the direct reduction of hematite in a counter-current
moving bed reactor. A modified grain model is applied for the kinetics of the multiple gas-solid
reactions in the pellet and was validated with experimental data. In [17], a 1D model for direct and
indirect heat transfer in a counter-current moving bed equipped with heat transfer tubes is proposed for
post combustion CO2 capture. The effect of the flow rate on CO2 capture is discussed, as is a dynamic
process response to variations of inlet temperature, solid sorbent loading, and gas composition.
So far, simulative approaches on moving bed reactors, based on the redox reaction of metal oxides,
focus mainly on the overall conversion; i.e., the conversion of fuel or oxygen carrier in chemical-looping
combustion or the production of iron in the steel-making industry. However, the envisaged system
concept (see Figure 1) relies on a counter-current moving bed reactor, which is optimized for gas-solid
heat transfer, including both thermochemical and sensible thermal energy. As a consequence, this
study focuses on the extraction of thermal energy and the effect of the conversion and operational
parameters on achievable thermal power and energy density. Furthermore, the combined extraction of
thermochemical and sensible thermal energy is discussed with respect to power and energy density.
A transient 1D model is presented for a counter-current moving bed based on the oxidation of
(Mn0.75Fe0.25)3O4 applied as reference material. The model is validated with experimental data of a
fixed-bed reactor. The limiting factors of the moving bed concept, in the context of thermochemical
energy storage, are investigated further by means of sensitivity analyses.
2. Model Description
This work presents a one-dimensional FEM model of a counter-current moving bed reactor,
suitable for thermal energy extraction in the presented system (Figure 1). At first, the geometry is
described and assumptions are stated. Then, governing equations are presented and initial and
boundary conditions are given.
2.1. Geometry of the Moving Bed
The 1D geometry of the counter-current moving bed reactor is presented in Figure 2a. A bed
height of 0.7 m is simulated with the gas inlet at position x = 0 m and the particle inlet at x = 0.7 m.
A mesh refinement study showed that as the number of elements in mesh increased from 100 to 1000
and from 1000 to 2000, the solid outlet temperature changed by 1.2 % and 0.016 ‰ respectively. Since
the results do not change much by increasing the number of elements beyond 1000, the geometry is
represented by 1000 elements of equal size.
2.2. Assumptions
The following assumptions are made:
(i) The characteristic behavior of a counter-current moving bed reactor can be represented by a 1D
model, since the main effects are expected to occur in the axial direction. Thus, the thermal energy
losses to the surrounding are neglected.
(ii) For the gaseous components of air, the ideal gas law can be applied.
(iii) The total porosity of the manganese-iron oxide bulk does not change between oxidized and
reduced phase or over consecutive cycles, based on [18] for a similar material composition.
(iv) The solid particles have a homogeneous temperature distribution and are treated as a continuum,
since the Biot-number is sufficiently small.
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(v) The work done by pressure change can be neglected in the energy balance for the gas phase,































Figure 2. (a) 1D geometry of the moving bed reactor, including the boundary conditions at the inlet
(in) or outlet (out) of the gas (g) and solid (s) flows. (b) Schematic description of the three heat transfer
sections: sensible thermal energy of the reduced phase (qred), thermochemical energy due to reaction
enthalpy (q∆H), and sensible thermal energy of the oxidized phase (qox).
2.3. Mathematical Formulation
The governing equations are derived as follows, considering the assumptions and simplifications.
The mass balance for the gas phase is expressed as:
∂(ερg)
∂t
+∇ · (ρg~vg) = −(1− ε)qR, (2)
where ε is the total void fraction in the bulk, ρg the gas density, ~vg the superficial gas velocity, and qR
the chemical production rate.
As the O2 concentration changes due to the reaction, and the reaction rate depends on the O2




+ ρg~vg · ∇ξO2 −∇ · (ρgD∇ξO2) = −(1− ε)(1− ξO2)qR, (3)
where ξO2 is the mass fraction of O2, and D the diffusion coefficient between O2 and N2.
The momentum equation for the gas phase is considered according to Darcy’s law, where the
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Here, µ is the dynamic viscosity of the gas. The permeability constant K is determined with
the Carman-Kozeny relationship K =
d2pε3b
180(1−εb)2
, which is valid for approximately spherical shaped
particles with a narrow range of diameters dp. In this case, εb is the bulk porosity and εpor the particle
porosity, which are linked to the total porosity ε according to:
(1− ε) = (1− εb)(1− εpor). (5)





















+ hgsags(Tg − Ts) + (1− ε)qR∆H. (7)
Here, ρg and ρs are the density; cpg and cs are the specific heat capacities; Tg and Ts are the
temperatures; and ~vg and ~vs are the superficial velocities of the gas and solid phases, respectively.
The effective thermal conductivity of the solid λs,e f f = λbulk,e f f − εb ∗ λg is calculated with the effective
thermal conductivity of the bulk λbulk,e f f according to the extended Zehner-Bauer-Schlünder model,
which also includes the radiative contribution [20,21]. For the convective heat transfer coefficient hgs
in a counter-current moving bed reactor, the correlation according to [22] is applied, together with the




Initial and Boundary Conditions
The initial temperatures of gas and solid are set to 1050 ◦C. At the gas inlet (x = 0 m), the mass
fraction of O2 ξO2,in is set to 23.27%, and the gas inlet temperature Tg,in equals 300
◦C. Similarly, for the
particle inlet (x = 0.7 m), the gas pressure pg,out is set to ambient conditions (1013.25 hPa), and the
particle inlet temperature Ts,in to 1050 ◦C.
3. Material Properties
The considered material (Mn0.75Fe0.25)2O3 was investigated concerning thermodynamics and
kinetics in a previous study [6] of our group. The particles were produced by VITO (Mol, Belgium) via
build-up granulation. For the preparation, the raw materials Mn3O4 (Trimanox electronic grade,
Chemalloy) and Fe2O3 (98% metal basis, Alfa Aesar) were mixed in powder form, before the
granulation using an Eirich Mixer (see [6] for further details). Table 1 presents a compilation of
relevant material properties for the model description.
Three main parameters of the material are characteristic for the planned combination of heat
transfer of thermochemical and sensible energy (see Figure 2b). Firstly, the heat transfer of sensible
energy (qred) between the reduced solid phase and the gas flow is confined downwards by the onset
temperature of the oxidation, because this temperature is regarded as the lower threshold value of
this heat transfer section. Due to the occurrence of thermal hysteresis of the manganese-iron oxide,
the temperature threshold value for the oxidation onset determined via simultaneous thermal analyses
deviates from the calculated thermodynamic equilibrium temperature. For example, an oxygen
partial pressure of 20.4 kPa yields an oxidation onset temperature of 918.3 ◦C, whereas thermodynamic
equilibrium calculations result in 966.8 ◦C [6]. Secondly, the transfer of the released heat of reaction
(q∆H) is directly influenced by the reaction kinetics of the Mn-Fe oxide. The oxidation kinetics has been
already determined by means of thermogravimetric analysis [6]:
Energies 2020, 13, 772 6 of 22
dα
dt















× 1.38(1− α)(−ln(1− α))1− 11.38 . (8)
Table 1. Material parameters.
Parameter Symbol Value/Correlation Unit Reference
Mean particle diameter dp 2.42 mm [6]
Bulk density ρbulk 1353 kg/m3 [5]
Reaction enthalpy,
based on oxidized phase












669.28596 + 0.62604( TsK − 298)0.8982
)




(400 K to 1400 K)
λs 0.99395 + 6.98315× 10−4 · TsK
−1.23972× 10−7 · T2sK
W/m/K polynomial fit based on




ρs 5125 kg/m3 measured via
He-pycnometry
Total porosity ε 0.736 − calculated with
true density
Bulk porosity εb 0.34 − calculated with Equation (5)
Intra-particle porosity εpor 0.6 − measured via
Hg-intrusion-porosimetry
Finally, the specific heat capacity cpox is a crucial thermophysical parameter considering the
amount of heat that can be transferred between the oxidized phase and the gas flow (qox). The cpox
values of the phase (Mn0.75Fe0.25)2O3 were determined by means of differential scanning calorimetry
(DSC). The specific heat capacity of the reduced phase cpred is approximated with the specific heat
capacity of Mn3O4 [23]. Values applied for cpox and cpred are illustrated in Appendix A.
The thermal conductivity of the specific oxide (Mn0.75Fe0.25)2O3 is unavailable presently. Therefore,
the reported values for manganese oxides are applied for determination of the intrinsic thermal
conductivity of the solid material λs. With the specific heat capacity of Mn2O3 [23] and thermal
diffusivity [24] of manganese ores, the intrinsic thermal conductivity is estimated for a temperature
range between 400 K and 1400 K. A polynomial fit function for this temperature range (listed in Table 1)
is used as an input value for the determination of the effective thermal conductivity of the bulk λbulk,e f f
according to the extended Zehner-Bauer-Schlünder model [20,21]. Furthermore, the emissivity of
the manganese-iron oxide particles was approximated to 0.87, based on measured values for Fe2O3
particles [25] and a Mn-Fe-Zr-coating [26].
4. Validation
The model is validated with experimental results from our group [5] using a fixed bed reactor for
direct heat transfer between (Mn0.75Fe0.25)2O3/(Mn0.75Fe0.25)3O4 and a gas flow of ambient air.
4.1. Experimental Setup for Validation
This section presents only the data of the experimental setup relevant for the model validation.
A detailed description of the schematic setup and further experimental investigations can be found
in [5]. A lab-scale tube reactor (nickel-based alloy 2.4856) with an inner diameter of 54.3 mm is filled
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with 471.2 g metal-oxide particles (Mn0.75Fe0.25)2O3. Air heated by means of an electrical gas heater,
integrated into the reactor unit, enters the reaction bed from the bottom via a perforated plate and a
gas distribution disc. A vertical tube furnace encases the reactor tube to assist the gas heater, minimize
heat losses to the ambient, and to control the bulk temperature. Four thermocouples (Type K, class 1,
∅ = 1 mm) measure the temperature profile in the central position along the bed height at distances
of 10 mm (T1), 50 mm (T2), 90 mm (T3), and 130 mm (T4) from the gas distribution disc. The oxygen
concentration in the off-gas is analyzed via a paramagnetic oxygen measurement (NGA-2000 MLT-2,
Emerson Process Management/Rosemount Analytical). A change of the oxygen concentration in the
off-gas can be attributed to the redox reaction of the metal-oxide bulk and is thus used for conversion
calculations.
4.2. Model Validation
The model is validated based on a discharging experiment in the fixed bed reactor using the
described granular manganese-iron oxide particles. Ten redox cycles have been performed with the
material prior to this dynamic discharging step presented here. The validation experiment corresponds
to the experiment cycle number 11 in [5]. In the preceding charging stage, the bulk was heated to a
temperature of 1040 ◦C (Ts,0) and reduced with 10 L/min air flow V̇n. All gas flow rates in this study
are based on norm conditions (Tg,n = 0 ◦C and pn = 1013.25 hPa). For discharging, the tube furnace
and the air inlet temperature (Tg,in) were reduced at a rate of 5 K/min down to 400 ◦C, during which
phase the oxidation was initiated. In Figure 3 simulative and experimental results are displayed.
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Figure 3. Simulation of dynamic cooling with oxidation of (Mn0.75Fe0.25)3O4 in a lab-scale fixed bed
reactor. Solid lines display temperatures measured in the experiment, whereas dashed lines present the
simulated temperatures. The simulation was shifted by 5 min to allow for a better comparison.
The solid temperatures decrease until the exothermic oxidation stabilizes the temperatures at a
plateau for about 16 min at a bed height of 10 mm (T1) and up to 38 min at a bed height of 90 mm
(T3). The simulated solid temperatures show a similar trend with a maximal offset of 13 ◦C to the
measured temperature plateau of ≈913 ◦C. However, during the first minutes of the discharging phase,
the difference between the gas inlet temperature and the solid temperature T1 in the experiment exceeds
the difference in the simulation. To compensate the experimental delay, the gas inlet temperature is
shifted by 5 min for the simulation. A detailed discussion of this time shift is presented in Appendix B.
In the end, the model sufficiently reflects the oxidation progress and the cooling effect of the gas on the
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manganese-iron oxide. The simulation meets the onset temperature of the reaction and is able to describe
the course of the solid temperature in the temperature range, where only thermal energy is transferred.
5. Results and Discussion
As a next step, the bulk movement is included in the model, which is based on the same equations
(Section 2.3). This model is applied to investigate the impacts of operational parameters, i.e., gas and
particle flow, on the thermal power and energy density.
5.1. Moving Bed Design
At first, a rough estimate for such a counter-current moving bed system has to be made, since
now the power output is affected by further operational parameters, in comparison to a fixed-bed
reactor. As an exemplary system, a thermal power of 3 kW is considered as realistic, which is in range
of the discussed fixed-bed reactor. Therefore, the operational parameters required as starting values
for the moving bed simulation were analytically determined for a thermal power of 3 kW. For this
initial estimation of particle and gas mass flows and required bed height, only convective heat transfer
between gas and solid is considered. Since a heat transfer of sensible and thermochemical energy
between metal oxide particles and a counter-current gas stream occurs, the moving bed can be divided
into three sections (see also, Figure 2b):





2. Heat transfer of thermochemical energy q∆H , where metal oxide granules are oxidized and the
released reaction enthalpy is transferred to the gas stream (q∆H = ∆r H);





The estimation of mass flows is based on the NTU (number of transfer units) method, which was
developed for sensible heat exchangers. One crucial characteristic factor to evaluate a moving bed
reactor is the heat capacity rate ratio F, defined as:
F =
ṁred · c̃p,red(Tm,red) + ṁox · c̃p,ox(Tm,ox)
ṁg · c̃p,g(Tm,g)
. (9)
Here, ṁred and ṁox are the mass flow rates, and c̃p,red and c̃p,ox are the averaged specific heat
capacities for the mean temperature Tm,red and Tm,ox of the reduced and oxidized phase, respectively.
The rough estimation yields that a particle mass flow of 4 g/s in counter-current to a gas flow V̇n of
183 L/min is necessary to achieve a heat transfer of 3 kW, considering also the boundary conditions
given in Section 2.3. The gas and solid velocities vg and vs are calculated with an assumed reactor
diameter of 0.152 m. A detailed description for the calculations is given in Appendix C.
5.2. Temperature Profiles of a Thermochemical Moving Bed
The estimated gas and particle flow rates were used as initial input values for first simulations.
Figure 4 displays the solid temperature along the height of the moving bed for time steps normalized
to tstat = 400 min, which equals the time till a stationary temperature profile is achieved for the given
particle and gas flow rates. The particle bed is simulated with a starting and inlet temperature of
1050 ◦C and a gas inlet temperature of 300 ◦C. Therefore, the particle temperature starts to decrease at
position 0. The highest temperature gradient arises between the gas inlet and 5 cm above. A nearly
isothermal temperature zone in the range of 900 ◦C to 942 ◦C moves upwards until a steady state
is reached. After 400 min, the particles exit the moving bed with 329 ◦C at position x = 0, and a
steady-state operation is reached.
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Figure 4. Heat map for the solid temperature development along the bed height of 0.7 m of a moving
bed with Mn-Fe-oxide particles moving with 4 g/s in counter-current to 183 L/min air flow V̇n.
The time steps are normalized to the time tstat when a stationary temperature profile occurs after
400 min for the current particle and gas flow rates.
Comparison of Inert and Thermochemical Moving Bed
The reaction was disabled for one simulation to highlight the difference between a purely sensible
(inert) and a thermochemical material in a moving bed reactor. In Figure 5a two different stationary
temperature profiles for the manganese-iron-oxide particles and the counter-current gas flow are
displayed along the height of the moving bed.
In general, the gas and solid temperature profiles are very similar in the reactive and inert cases.
Considering the reactive case, the uniform coloring in the heat map of Figure 4 (tstat = 1.0) corresponds
to the temperature plateau of the reactive case in Figure 5a. The solid temperature reaches 928 ◦C at a
bed height of 0.1 m, and up to 940 ◦C at a height of 0.6 m.
Technically relevant pO2-T conditions experimentally determined based on simultaneous thermal
analyses (see [6]) give a temperature threshold value of 919.6 ◦C for the oxidation onset at a pO2 of
20.9 kPa. However, the equilibrium temperature for the phase change from the two-phase region
“bixbyite + spinel” (spinel being the reduced phase) to the bixbyite (being the oxidized phase)
was calculated to 967.9 ◦C for a pO2 of 20.9 kPa [6]. Thus, the formed temperature plateau is in
between the extrapolated onset temperature and thermodynamic equilibrium of the phase boundary
“bixbyite”–“bixbyite + spinel.” Kinetic investigations further revealed the extremely low reaction
rates of the oxidation at temperatures between the extrapolated onset temperature and the calculated
equilibrium temperature [6]. In this area of “thermal hysteresis” especially, the oxidation reaction takes
a long time to initiate and proceed; e.g., an isothermal oxidation at 926.6 ◦C required an induction
period of over 30 min at an oxygen partial pressure of 20.4 kPa [6]. In Figure 5b the oxidation conversion
along the bed height is displayed for an operation in steady state and corresponds to the gas and
solid temperature course of the reactive case depicted in Figure 5a. The largest part of the reaction
conversion is achieved in the cooling section close to the gas inlet within the first 5 cm of the bed, as the
highest reaction rates occur in this temperature range of the prevailing temperature profile. However,
the cooling rate seems to impede full oxidation conversion, as the conversion adds up to only 65% at
the particle outlet. Remarkably, the overall conversion benefits only to a very small extent (conversion
below ∼0.1%) from a bed height of 60 cm, between 0.1 m and 0.7 m. In this area of nearly isothermal
conditions only a small amount of heat can be transferred from solid to gas, since the gas has already
Energies 2020, 13, 772 10 of 22
reached the effective onset temperature. However, the low conversion of the material in the nearly
isothermal bed section is still sufficient to stabilize the solid temperature against the cooling effect
of the gas flow and thus form the isothermal bed section. Eventually, the reactor could be shortened
to a bed height of around 15 cm, without negatively influencing the conversion, thermal power, or
achievable energy density for these operational parameters. However, the displayed gas and solid
temperature profiles strongly depend on kinetics and the convective heat transfer coefficient. The effect
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Figure 5. Results for a moving bed with 4 g/s Mn-Fe-oxide particles and counter-current air flow V̇n of
183 L/min operated in steady state. (a) Comparison of gas and solid temperature profiles with (solid
line) and without (dotted line) reaction. (b) Reaction conversion along the bed height for operation in
steady state.
In the considered inert moving bed (Figure 5), the solid particle temperature decreases to the level
of the gas inlet temperature in a distance of less than 10 cm away from the particle inlet. Thus, the bed
height could be limited to the area exhibiting this large temperature gradient without loosing thermal
power. Apparently, the heat flow due to the proceeding chemical reaction leads to an additional
rate of heat flow from the solid to the gas compared to the case of purely sensible storage material,
which shifts the major temperature gradient from the particle inlet (inert storage material) to the gas
inlet (thermochemical storage material).
5.3. Flexibility of Power and Energy Density
5.3.1. The Effect of the Variation of Gas Flow Rates
In the scope of thermochemical energy storage, the main task of the simulated moving bed reactor
is to transfer heat from Mn-Fe-oxide particles to a counter-current gas flow. Therefore, the effect of gas
flow variation on the reactor performance is investigated in this section. In Figure 6, stationary solid
temperature profiles are displayed for a particle flow rate of 4 g/s and various gas flow rates, ranging
from 150 L/min to 230 L/min.
The profiles indicate a temperature plateau formation for gas flow rates between 150 L/min and
190 L/min. For higher flow rates, 210 L/min and above, a temperature profile similar to the purely
inert moving bed in in Figure 5a is obtained. In this case all three sections (qred, q∆H , qox), described
above, are present within the top 5 cm of the moving bed. The point where the stationary temperature
profile and hence the storage operation changes, between 190 L/min and 210 L/min, is called the
“tipping point” hereinafter. The closer the gas flow is to this tipping point, the higher the temperature
gradient is below and above the temperature plateau. This fact can be attributed to the higher heat
capacity flow of the gas. Furthermore, with lower gas flow rates, the particles exit the moving bed with
a higher outlet temperature. The corresponding conversion of the Mn-Fe-oxide particles is depicted in
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Figure 6b. For gas flow rates above the tipping point, the kinetic limitation of the material leads to a
reduced conversion as a consequence of increased cooling rates. Furthermore, the particles oxidize
shortly after the particle inlet; i.e., in less than 5 cm. The oxidation of the particles can only take place
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Figure 6. (a) Temperature profile of solid particles along the bed height of a moving bed (4 g/s particle
flow rate) with different gas flow rates operated in steady state. (b) Conversion profiles along the bed
height of the moving bed reactor operated in steady state.
The achieved conversion at the particle outlet (x = 0 m) and gas temperature at the gas outlet (x =
0.7 m) are displayed in Figure 7 in comparison to a purely inert moving bed of Mn-Fe-oxide particles
with 4 g/s solid mass flow.
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Figure 7. Obtained conversion at particle outlet (x = 0 m) and gas temperature at particle inlet
(x = 0.7 m) of a moving bed (4 g/s particle flow rate) with different gas flow rates. Full symbols
represent thermochemical storage material undergoing a chemical reaction; empty symbols represent
inert storage material used for sensible storage only.
In general, higher gas flow rates lower the achievable gas outlet temperature. However,
the increase in conversion (between V̇n 210 L/min and 190 L/min) is directly correlated to a strong
increase in gas outlet temperature. Changing the gas flow V̇n from 190 L/min to 191 L/min shifts the
gradient of the particle temperature to the particle inlet, resulting in a temperature profile similar
to the profile of higher gas flow rates. This low increase of gas flow rate has a high impact on the
achievable conversion and gas outlet temperature, which indicates the position of the tipping point in
between those two gas flow rates for a particle flow rate of 4 g/s. A comparison to an inert moving
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bed (see empty symbols at conversion 0.0 in Figure 7) highlights the benefit of the thermochemical
material. In case of a gas flow V̇n of 190 L/min, the gas outlet temperature is increased by 29 ◦C due to
the additional release of the reaction enthalpy with a reaction conversion of 66.9%. However, it has to
be noted that by lowering the gas flow rate to, e.g., 150 L/min, the gas outlet temperature in the inert
moving bed can reach a similar level to that with reactive material.
The correlation of transferred thermal power in a moving bed reactor with 4 g/s of Mn-Fe-oxide
particles to the energy density is displayed for various gas flow rates in Figure 8.
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Figure 8. Thermal power and energy density of a moving bed of 4 g/s with different gas flow rates V̇n.
The numbers next to the full symbols represent the conversion (%) achieved in steady state operation.
Empty symbols represent the Mn-Fe-oxide particles acting only as sensible thermal storage material.
The calculation of the resulting gravimetric energy density is based on the solid inlet and
outlet temperature, the specific heat capacity as stated in Table 1, and the achieved conversion of
the Mn-Fe oxide (as highlighted in Figure 8). For the determination of the transferred thermal power,
the corresponding rise in gas temperature is considered. Figure 8 also illustrates the results for a purely
inert moving bed under the same operational conditions. In the investigated range of gas flow rates,
the thermal power generally increases with increasing flow rate, whereas the energy density shows a
peak when the gas flow rate is close to the tipping point. Furthermore, an increase of gas flow rate,
and thus a lower gas outlet temperature (see Figure 7), still increases the thermal power in most cases.
However, when the gas flow is increased to just above the tipping point, the thermal power slightly
decreases due to a lower conversion and the accompanied strong decrease of gas outlet temperature.
As the solid outlet temperature of the purely inert moving bed equals the gas inlet temperature in all
cases shown, the energy density of the solid material remains unchanged. The rise in energy density
can be attributed only to the reaction enthalpy and its effect on the gas and solid outlet temperatures,
when comparing inert and reactive moving bed results. In case of a gas flow rate V̇n of 190 L/min and
a conversion of 66.9%, the thermochemical share in energy density accounts for 23% of the total energy
density of the storage material.
5.3.2. Optimizing the Gas and Particle Flow Rates for High Solid Conversion
In a next step, the flow rates were optimized for high reaction extents. For different selected
particle flow rates between 1 g/s and 6 g/s, the gas flow rates were varied until the highest possible
conversion could be observed for each particle flow rate. The highest conversion was found for a gas
flow rate just below the tipping point, comparable to the findings in Figure 6.
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In Figure 9a the temperature profiles of a moving bed with conversion optimized flow rates
are displayed for steady state. Figure 9b shows the corresponding conversion profile along the bed
height. The figure presents only a section of the 0.7 m long simulated geometry. The temperature
profiles in the excluded section (x = 0.2 m to x = 0.7 m) show a similar trend to the temperature
profiles in Figure 6. A temperature plateau in the range of 931 ◦C to 939 ◦C is formed for all flow rate
combinations. In general, the profiles vary only to a small extent in the section where the oxidation
occurs (position 0.05 m to 0.1 m) and sensible heat is transferred from the solid to the gas flow (position
0 m to 0.1 m). The solid temperature at the outlet is not affected by this flow rate variation. Therefore,
the change in achieved energy density (see Figure 10) of the Mn-Fe-oxide particles is only caused by
the different extent of conversion, as illustrated in Figure 9b. The lower the flow rates, the higher
the achievable conversion. This clearly demonstrates the kinetic limitation of the moving bed with
Mn-Fe-oxide particles, undergoing the redox transition (Mn0.75Fe0.25)3O4 / (Mn0.75Fe0.25)2O3.
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Figure 9. Solid temperatures (a) and conversion profiles (b) at a 0.2 m section of the 0.7 m simulated
bed height with different particle and gas flow rates at steady state operation. The flow rates were
chosen for optimized overall conversion of the particles obtained at the reactor outlet for the given
particle mass flow.
The attained thermal power for the flow rate variations is plotted against the achieved energy
density of the Mn-Fe-oxide particles in Figure 10. The extent of conversion and the residence time of
the particles in a bed height of 10 cm are stated as well.
The energy density and the thermal power follow a contrarian trend when both flow rates are
increased. Higher flow rates result in a higher thermal power, whereas the energy density of the
manganese-iron oxide decreases. A higher solid mass flow leads to a decrease of residence time in
the bed section exhibiting high temperature gradients. Therefore, the achievable conversion is lower,
and thus, the energy density is too (see also Figure 9). As a consequence, the share of thermochemical
energy in the overall energy density decreases from 30.8% with 1 g/s to 19.1% for 6 g/s. The heat
capacity rate ratio F (Equation (9)) changes from 1.3 to 1.6, when the particle mass flow is increased
from 1 g/s to 6 g/s. Apparently, the solid heat capacity flow together with the achievable conversion,
and thus release of reaction enthalpy determines the gas flow rate at the tipping point. The heat
capacity rate ratio F increases with higher gas and particle flow rates, since the achievable conversion
depends on the reaction kinetics. Thus, in the case of the presented manganese-iron oxide, the position
of the tipping point, i.e., solid and gas mass flows, depends also on the reaction kinetics. However,
higher gas and particle flow rates still result in higher thermal power. Thus, besides the material
kinetics being the limiting factor, the thermal power of the moving bed reactor can be adjusted by
applying higher flow rates.
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Figure 10. Thermal power of the moving bed reactor for the steady state case and energy density of
the Mn-Fe-oxide with different particle flows and gas flow rates. The gas flow rates were chosen for
optimized conversion of the particles at the reactor outlet. The overall conversion and the residence
time of the particles in the first 10 cm after the gas inlet are also included.
So far, the following remarks can be made with respect to the simulative investigation of a moving
bed with (Mn0.75Fe0.25)3O4 / (Mn0.75Fe0.25)2O3 particles:
• Increasing the gas flow rate has a stronger impact on the thermal power than a higher extent of
conversion in the range of the operational parameters investigated.
• Reaction kinetics are the limiting factor: a material with faster kinetics would be required to allow
for the exploitation of both the sensible share and the complete thermochemical share in energy
density.
• The oxidation stabilizes the temperature along the bed height for a gas flow rate below the tipping
point and increases the gas outlet temperature.
• The moving bed reactor facilitates a more stable gas outlet temperature with a fluctuating gas
flow below the tipping point, which results from the oxidation of the Mn-Fe-oxide particles.
5.4. Sensitivity Analysis
As a next step, the effect of faster reaction kinetics and the sensitivity of the results towards a
change of the convective heat transfer coefficient, e.g., due to channeling effects in the bulk material,
are investigated.
5.4.1. The Influence of Channeling Effects on the Moving Bed Operation
The effect of potentially-occurring channeling on the gas-solid heat transfer and the achievable
conversion was examined based on the moving bed simulation model. Furthermore, the required
bed height for gas-solid heat transfer can be deduced for a bulk exhibiting channeling effects. Kunii
and Suzuki [27] investigated the convective heat transfer coefficient for low Péclet numbers (Pe < 10)
for packed bed reactors. The authors included the channeling effect in the determination of the heat
transfer coefficient with a channeling ratio ζ, which is defined as the average channel length to the
particle diameter dp. Figure 11 illustrates the effect of a variation of the channeling ratio ζ on the
steady state temperature and conversion profile of a moving bed with a particle mass flow of 4 g/s in
counter-current to an air flow V̇n of 190.8 L/min.
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Figure 11. A variation of the channeling ratio ζ between 1 (no channels) and 100 (channels with 100 times
length of dp). (a) Solid temperature profile of the stationary moving bed with 4 g/s in counter-current to
an air flow rate of 190.8 L/min and (b) the conversion profile of the Mn-Fe-oxide particles.
The channeling ratio is varied between 1 and 100, where 100 would refer to a channel length
of 0.242 m. The solid temperature profile, which results from the application of the heat transfer
coefficient for a moving bed (Yang et al. 2015 [22]), is added as a comparison to the channel factor of 1.
The application of the heat transfer coefficient according to Kunii and Suzuki yields lower coefficients
which can be identified by the lower temperature gradient at the gas inlet area. For example, the heat
transfer coefficient hgs equals 66.4 W/m2/K for an application of hgs according to Kunii and Suzuki,
whereas hgs by Yang et. al gives 182.7 W/m2/K at a medium bed height (x = 0.35 m), where the solid
temperature is 937 ◦C in both simulations.
With an increased channel length, the convective heat transfer coefficient decreases. As a result,
the plateau temperature of the nearly isothermal bed height drops and the temperature gradient
at the particle inlet and outlet is less steep. Therefore, the oxidation kinetics allow for an earlier
beginning of the oxidation. Furthermore, the particle residence time in a temperature range, which is
suitable for oxidation, is prolonged. In summary, lower convective heat transfer due to channeling
effects lead to a higher extent of the reaction conversion. However, the particle outlet temperature
increases, thus decreasing the sensible share in energy density. It is obvious that the convective heat
transfer coefficient has a strong impact on the required bed height to assure both thermochemical and
sensible heat transfer. Therefore, experimental investigations are required to analyze the flowability
and potential channeling effect of manganese-iron-oxide particles in a counter-current moving bed.
5.4.2. Kinetic Limitation
In many cases, the oxidation reaction of metal oxides was found to proceed slower than the
reduction and is thus often the limiting reaction step, e.g., for CuO / Cu2O [28], Co3O4 / CoO [29,30],
or manganese-iron-oxide [6,31]. However, some binary mixtures of Co-Cu, Cu-Mn or the pure metal
oxide pair Fe2O3 / Fe3O4 promise faster oxidation kinetics [3,32]. For example, the oxidation of
Fe3O4 was observed in less than 20 s within a temperature range of 673 K to 973 K during isothermal
thermogravimetric analyses in 80% O2, but with a conversion just above 80%.
To investigate the sensitivity of achievable energy densities and thermal power, the storage
material in the current study was idealized to overcome kinetic limitations. Therefore, in this section,
the kinetic limitation is assumed to be artificially inhibited by multiplying the reaction rate with the
arbitrarily chosen factor of 10. In Figure 12, the kinetically improved material is compared to the actual
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material concerning energy density and thermal power for fixed particle flow rates. The gas flow rate
was increased to exploit the improved energy density and thus heat release transferred to the gas.
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Figure 12. Energy density and thermal power of varied flow rates with either standard kinetics (full
symbol) or accelerated kinetics (empty symbols). The numbers mark the conversion achieved for each
simulated pair of flow rates.
The artificially accelerated kinetics (times 10) overcome the kinetic limitation. Therefore,
the energy density becomes independent from the chosen flow rates or thermal power. In addition,
the thermal power can be also increased because higher gas flow rates are possible. The ratio F is
constant at 1.3 for the case of accelerated kinetics, which can thus be considered as the ideal flow rate
ratio (tipping point) for the investigated manganese-iron oxide in the absence of the kinetic limitation.
Besides the selection of different materials with faster kinetics, other possibilities are conceivable
to overcome this limitation. In principle, the application of a higher oxygen partial pressure would
accelerate the kinetics [6], and thus increase the conversion for the same flow rates. However, this
is technically not favored because the main advantage of the metal oxides in this system concept is
to use ambient air as heat transfer fluid. Furthermore, indirect heat extraction along the bed section
with nearly isothermal conditions could lead to higher reaction rates, if the plateau temperature can be
lowered to below 920 ◦C. This could be achieved by preheating the gas indirectly along the bed section
with nearly isothermal conditions before introducing the preheated gas to the moving bed. However,
this would result in higher solid outlet temperatures.
6. Conclusions
A 1D moving bed simulation for thermochemical energy storage has been validated with
experimental data of a packed bed reactor. The model has then been extended by particle flow
for the simulation of a counter-current moving bed reactor in regard to the system concept of a solar
thermal power plant. The following conclusions can be drawn for a steady state operation:
• The oxidation of the manganese-iron-oxide particles in a thermochemical moving bed leads to a
bed section with nearly isothermal conditions. However, the major part of the reaction conversion
does not occur in this isothermal section, but overlaps with the cooling of the particles below
the temperature plateau. Thus, the thermochemical section q∆H and the sensible section qox
develop simultaneously. Furthermore, the exothermic reaction leads to an increase of the energy
density and thermal power in comparison to a reactor operated with inert storage material,
since higher gas flows can be applied for a fixed particle flow rate. From a technical point of
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view, the isothermal section would be suitable for an indirect heat transfer to lower the plateau
temperature and support oxidation kinetics. Thereby, the reaction enthalpy of the storage material
can be fully exploited.
• Oxidation kinetics of the redox transition (Mn0.75Fe0.25)2O3/(Mn0.75Fe0.25)3O4 are the limiting
factor concerning the attainable energy density and thermal power of the moving bed reactor.
A full conversion is only achievable for low gas and solid flow rate (e.g., particle flow in the
range of 0.001 kg/s. If higher gas flow rates are applied and the exerted cooling effect is too high,
an isothermal section cannot be formed, the conversion strongly decreases, and the temperature
profile resembles the profile of a moving bed with inert storage material. Both the energy density
and achievable thermal power benefit from faster kinetics when a higher reaction rate is assumed.
• The thermal power and energy density show a contrarian trend when the particle and gas flow
rates are increased and the gas flow rate is determined for the maximum achievable reaction
conversion. The energy density drops, whereas the thermal power is increased independently of
the achieved reaction conversion for the considered operational parameters. This again shows
the kinetic limitation of the chosen manganese-iron oxide.
• A sensitivity analysis showed that the potential development of channels within the moving
bulk material would lower the heat transfer between solid and gas. Without consideration of
channeling effects, a bed height of 20 cm would be sufficient to cool down the particle flow from
1050 ◦C to 300 ◦C with a suitable gas flow. However, if channeling effects occur, the required bed
height increases up to 70 cm.
Future work will comprise an experimental investigation of the proposed reactor concept for the
discharging step based on metal-oxide particles applied as thermochemical storage material and a
heat transfer medium. Besides material specific parameters, such as kinetics and agglomeration, the
thermal power is mainly influenced by the process control. A coupling of direct and indirect heat
transfer constitutes a promising operational mode.
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Appendix A. Specific Heat Capacity
The specific heat capacity determines the energy density for a sensible thermal energy storage
material, and is thus a crucial thermophysical property for choosing a thermal energy storage material.
In Figure A1, specific heat capacity data of the pure metal oxides Mn2O3 and Mn3O4 (literature data [23])
are compared to values for the mixed manganese-iron oxide measured by means of DSC.
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Figure A1. Specific heat capacity of manganese-iron oxide: Measured and approximated values for
(Mn0.75Fe0.25)2O3 and (Mn0.75Fe0.25)3O4.
As the manganese-iron oxide represents a novel compound with a different lattice structure
compared to iron oxide, the specific heat capacities of the mixed oxide cannot be calculated from the
specific heat capacities of the respective single oxides Mn2O3 and Fe2O3 for the oxidized phase and
Mn3O4 and Fe3O4 for the reduced phase of Mn-Fe-oxide, respectively. Therefore, the specific heat
capacities cp,ox and cp,red of the binary oxide were measured by means of DSC. At first, the samples
were prepared by pestling the granules to powder and afterward compressing the powder to pellets
(85.0 mg and 91.3 mg). The compressed pellets were calcined at 950 ◦C for 10 h in air prior to the
measurements. Finally, the pellets were heated in a Pt/Rh-crucible with a pierced lid from 30 ◦C up to
1200 ◦C with 10 K/min in an air flow of 50 mL/min (norm condition). Using a baseline measurement,
a sensitivity calibration measurement with a sapphire disc of known cp-values and the actual sample
measurement, the unknown cp-values of Mn-Fe oxide can be evaluated based on a comparative
method. Between ∼400 K and ∼1000 K, the measured values of the oxidized phase are in the range
of the pure manganese oxide Mn2O3. However, above ∼1050 K the measured values exceed the pure











After a complete reduction, only a few values were obtained for the reduced phase
(Mn0.75Fe0.25)3O4. Nevertheless, they are in the range of the pure manganese oxide Mn3O4. The specific










Appendix B. Experiment for Model Validation
In the fixed-bed experiment for validation, manganese-iron-oxide particles were cooled by a gas
flow of 10 L/min (norm condition). The temperatures of the gas at the inlet of the reaction bed and the
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temperature of the tube furnace, which enclosed the fixed-bed reactor, were decreased by 5 K/min.
In Figure A2, the gas inlet temperature and the temperatures of the bulk and the reactor tube wall,
the latter measured on the outer surface of the tube, are displayed for the first 15 min of the experiment.
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Figure A2. Temperatures of the gas, bulk material, and outer reactor tube wall during the first 15 min
of the fixed-bed discharging experiment for the validation of the simulation. The position of the tube
temperatures corresponds to the same height of the bulk temperature in the radial direction.
The temperatures of the reactor wall (dotted line) and the bulk temperatures (solid line) indicate a
delay time until the effect of the decrease in temperature of the gas flow and tube furnace is measurable.
Thus, it is assumed that the thermal mass of the reactor tube acts as a thermal buffer for the temperature
decrease in the experiment during the first minutes of the experiment. However, no thermal mass is
included in the simulation. For better comparison of the cooling rate of the bulk, and the temperature
plateau position and length, the simulation was shifted by 5 min.
Appendix C. Initial Design of a 3 kW Moving Bed Reactor
A common way to design heat exchangers is via the NTU method (number of transfer units),
where the capacity flows of solid and gas are compared [33]. For designing a heat exchanger,
the characteristic numbers Pi, NTUi, and ϑ indicate the influence of different fluid flow feed
(counter-current, co-current, stirred vessel, etc.) on the exchanged power:
Pi =
Q̇







Here, Q̇ denotes the thermal power of the heat exchanger, and Pi = NTUi · ϑ the dimensionless
temperature change with ϑ = ∆TM
(Ti,in−Tj,out) and the logarithmic temperature difference ∆TM based on
the maximal temperature difference. The desired thermal power is set to 3 kW for initial calculations,
and the heat exchanger is divided into three sections (see Figure 2b). The necessary solid and
air flows are calculated according to an idealized convective heat transfer between gas and solid
particles. The thermochemical section (q∆H) is assumed to be isothermal at 895 ◦C, which is the
onset temperature for the oxidation of (Mn0.75Fe0.25)2O3, determined for a cooling rate of 10 K/min [6].
Thermogravimetric measurements of our group [6] show that the particles should stay at least 15 min in
the thermochemical section in order to be fully oxidized. Furthermore, it is assumed that the reduced
manganese-iron-oxide particles enter the moving bed at 1050 ◦C and exit the reactor at a desired
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particle outlet temperature of 350 ◦C. An air inlet temperature of 300 ◦C is chosen for a calculation of
an achievable air outlet temperature. The air flow is limited to air velocities below the fluidization
velocity [34]. Furthermore, a temperature difference of 2 K is assumed between gas and solid, when
the air flow exits the thermochemical section q∆H . The necessary particle mass flow for a thermal
power of 3 kW can be determined with
ṁs =
3kW
qred + q∆H + qox
(A4)
to 4 g/s based on the reduced phase of manganese-iron oxide. Here, the heat transfer of each section is
calculated with the specific heat capacity of Mn2O3 and Mn3O4 [23] as, e.g., dqred =
∫ 1050 ◦C
895 ◦C cp,s(Ts)dTs.
In the thermochemical section, the specific reaction enthalpy of 271 J/g based on the oxidized phase
results in a heat transfer q∆H . The required air flow is calculated by considering the heat transfer in the
sensible section qox and thermochemical section q∆H . With the assumption that the air stream leaves
the thermochemical section with a temperature difference of 2 K, the supplied heat of the solid phase
can be determined with qox + q∆H resulting in:
ṁg =
Q̇ox + Q̇∆H∫ 893 ◦C
300 ◦C cp,g(T)dTg
= 4 g/s. (A5)
This mass flow rate is above the minimal air flow of 0.5 g/s, which is required to provide enough
oxygen for a full oxidation of 4 g/s manganese-iron-oxide particle flow. With fixed mass flow rates of
gas and solid particles, the gas and solid temperatures at each border between the three sections can
be calculated. In the end, a gas outlet temperature of 998 ◦C can be expected for the ideal case. As a
result, the thermochemical share in transferred heat equals 31%.
The dimension of each section is determined with the assumption of ideal convective heat transfer





for inner diameters of the moving bed reactor between 10 mm and 220 mm. The convective heat
transfer Q = hgs · ags · ∆T yields the required particle surface to transfer the desired heat, and thus the




end, a reactor height of 700 mm and a diameter of 0.152 m for an average particle diameter of 2.5 mm
were chosen to assure both sensible and thermochemical heat transfer without fluidizing the particles.
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Abstract: High-temperature thermal energy storage enables concentrated solar power plants
to provide base load. Thermochemical energy storage is based on reversible gas–solid reactions
and brings along the advantage of potential loss-free energy storage in the form of separated
reaction products and possible high energy densities. The redox reaction of metal oxides is able to
store thermal energy at elevated temperatures with air providing the gaseous reaction partner.
However, due to the high temperature level, it is crucial to extract both the inherent sensible
and thermochemical energies of the metal-oxide particles for enhanced system efficiency. So far,
experimental research in the field of thermochemical energy storage focused mainly on solar
receivers for continuously charging metal oxides. A continuously operated system of energy storage
and solar tower decouples the storage capacity from generated power with metal-oxide particles
applied as heat transfer medium and energy storage material. Hence, a heat exchanger based
on a countercurrent moving bed concept was developed in a kW-scale. The reactor addresses
the combined utilization of the reaction enthalpy of the oxidation and the extraction of thermal energy
of a manganese–iron-oxide particle flow. A stationary temperature profile of the bulk was achieved
with two distinct temperature sections. The oxidation induced a nearly isothermal section with
an overall stable off-gas temperature. The oxidation and heat extraction from the manganese–iron
oxide resulted in a total energy density of 569 kJ/kg with a thermochemical share of 21.1%.
Keywords: moving bed; thermochemical energy storage; metal oxide
1. Introduction
A thermochemical energy storage (TCS) is able to complement concentrated solar thermal power
plants (CSP) to allow for renewable base load supply. The principle of thermochemical energy storage
is based on a chemically reversible gas–solid reaction. The thermal energy is either released in the
form of reaction enthalpy (discharging), absorbed by the reverse endothermic reaction (charging), or
stored in the chemical bond by the separation of the gas and solid phases. Thermochemical energy
storage features high energy densities in comparison to other thermal energy storage concepts, i.e.,
sensible thermal energy storage or thermal energy storage based on a phase change [1,2]. Metal
oxides are a suitable candidate for thermochemical energy storage for CSP, since the redox reaction
of metal oxides occurs at elevated temperatures [3,4], which are necessary to reach high efficiencies.
Furthermore, ambient air can provide the gaseous reaction partner, which simplifies gas handling in
comparison to other TCS material systems. Therefore, the considered system (Figure 1) is based on
metal-oxide particles as thermochemical energy storage material and heat transfer medium to expand
the CSP operation time into evening hours or to compensate weather instability.
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Figure 1. Concept of thermal energy storage based on metal-oxide particles for solar tower applications,
including a high-temperature and low-temperature storage tank for decoupling of the system capacity
and thermal power output.
The concept enables the decoupling of storage capacity and system power due to the continuously
working heat exchanger and solar receiver and to the storage tanks in between. The metal-oxide
particles are reduced by supplying concentrated solar irradiation until temperatures exceed the
reduction onset temperature of the applied metal oxide. After an intermediate high-temperature
storage tank, the discharging is performed in a separate reactor, optimized for oxidation. The particle
loop is closed when the material is transported via an intermediate low-temperature storage tank
back to the solar tower. Thus, a sufficient flowability of the metal-oxide particles is essential
to implement the presented system concept. Schrader et al. [5] suggested a similar concept for
thermochemical energy storage, where cobalt oxide is applied under pressurized conditions in a closed
system. In addition, the utilization of particles as heat transfer and thermal storage material has
been also investigated for sensible energy storage [6–8]. Owing to the high temperature level in
the solar receiver, it is crucial to extract both the thermochemical energy and inherent sensible
energy of the metal-oxide particles in the heat extraction reactor to enhance the total energy density
and system efficiency.
The concept of combined extraction of sensible and thermochemical energy has been also
suggested for inert honeycomb structures coated with a thermochemical energy storage material [9]
and for the oxidation of CoO and subsequent cooling in pressurized air [5]. Furthermore, a solar-driven
cycle based on copper oxide was proposed, where sensible, latent, and thermochemical energy of the
metal oxide is extracted for high-temperature power generation and oxygen production [10]. In general
and almost independent from the concept, the metal-oxide particles should meet several criteria for
long-term utilization in the suggested continuous concept: sufficient mechanical strength, resistance of
particle stability towards chemical and thermal stress, adequate chemical reversibility of redox reaction,
high reaction enthalpy and heat capacity for enhanced energy density, affordable raw material cost,
and low environmental impact due to the open system concept.
Recent work on metal oxides for the application as thermochemical energy storage includes binary
metal oxides like Co3O4/CoO [11] or perovskites like CaMnO3–δ [12]. Furthermore, mixed metal oxides
have been in focus lately, e.g., Mn–Fe oxides [13–16], Co–Mn oxides [17], and Co–Fe oxides [15,18].
The replacement of a primary oxide cation with a secondary cation can enhance the redox kinetics
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and cycle stability in comparison to pure metal oxides [19]. For this work, manganese–iron oxide
was chosen as a reference material to investigate the combined heat extraction of sensible and
thermochemical energy. Phase diagrams of Mn–Fe oxides for ambient air condition predict a phase
change between bixbyite (Mn, Fe)2O3 and spinel phase (Mn, Fe)3O4 for the considered Mn/(Mn +
Fe) ratio of 0.7 via one or several two-phase regions [15,20–24]. Thus, the redox reaction follows the
equation as below:
6 (Mn, Fe)2O3 + ∆RH 4 (Mn, Fe)3O4 + O2. (1)
However, agglomeration of manganese–iron-oxide particles was reported, which could hinder
the bulk movement in the considered continuous concept [25,26]. Consequently, we have investigated
different supporting materials to improve the particle stability of manganese–iron oxide [26].
The addition of 20 wt.% ZrO2 was found to enhance mechanical stability and to inhibit agglomeration.
Manganese–iron-oxide particles are thus a promising candidate for a continuously operated system,
and for this reason they were chosen for the system presented.
So far, solar receivers for metal-oxide reduction are mainly based on the rotary kiln concept [27–29]
or applied as fluidized bed [30], packed bed reactor [31], and gravity-driven particle receivers [32–34].
The rotary-kiln concept already achieved wall temperatures up to 1000 ◦C in solar simulators [27,28].
A continuously operated particle receiver is favorable for CSP to allow for high mass flow rates,
sufficient heat transfer between gas and solid phase, as well as decreased possible sintering effects [28].
Furthermore, a continuously working solar receiver needs to be heated up only once, which improves
the thermal efficiency of the system. The oxidation of metal oxides for thermochemical storage
application was investigated with packed bed reactors [19,25] and a fluidized bed reactor [35].
These reactors are suitable for the oxidation of metal oxides but do not allow for a continuous
metal-oxide flow. However, this criterion is a basic requirement to realize the suggested system
concept of Figure 1. Therefore, this work focuses on the heat extraction from metal-oxide particles in
a continuously operated reactor.
In general, a circulating fluidized bed, flash reactor, moving bed reactor, or reactor with mechanical
particle transport, e.g., rotary kiln or sintering band, is applicable for direct heat transfer from
a continuous solid flow to a gas flow. In addition, the heat exchanger needs to ensure a particle
residence time in the range of several minutes at temperatures suitable for oxidation according to
a kinetic analysis of manganese–iron oxides with a similar cation ratio [14,16]. Furthermore, criteria
like the ability to handle possible volume changes of the particles due to the reaction, heat transfer
between gas and solid, possibility to extract thermochemical and sensible energy, and parasitic loss
were taken into account.
The moving bed reactor concept has the advantage of low mechanical stress for the particles,
low parasitic loss, no moving reactor parts, and a simple possibility to combine the utilization of
sensible and thermochemical energy. The moving bed concept is also applied in an industrial scale,
e.g., for a cooling cement clinker [36] or for the direct reduction of hematite to produce sponge
iron [37,38]. In addition, the moving bed concept is used in chemical-looping combustion (CLC),
where metal-oxide particles act as oxygen carriers to oxidize fuels in an oxygen-free atmosphere and
reoxidize in air [39–41]. However, no continuously operated reactor for non-isothermal oxidation of
metal oxides has been reported so far. Therefore, in this work, a moving bed reactor was designed
for direct heat transfer between a metal-oxide particle flow in countercurrent to a gas flow for
the discharging step of the system concept presented in Figure 1. Since an extraction of thermal energy
leads naturally to a temperature decrease, the reaction rate of the thermochemical material is affected.
Therefore, the influence of the reaction enthalpy release on the temperature profile of a stationary
working moving bed reactor is investigated. Furthermore, the suitability of manganese–iron-oxide
particles acting as a heat transfer material and thermal storage medium is explored.
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2. Materials and Methods
2.1. Materials
The preparation of the manganese–iron-oxide particles was performed by VITO (Mol, Belgium)
via build-up granulation, analogous to the procedure for metal-oxide particles in [16]. The raw
materials Mn3O4 (Trimanox, Chemalloy), Fe2O3 (98% metal basis, Alfa Aesar), and ZrO2
(99.9% ZrO2 + HfO2, Saint Gobain) are mixed in powder form. A Mn/(Mn + Fe) ratio of 0.7 was chosen
based on previous studies concerning cycle stability and reaction enthalpy [3,13,16]. The particles were
heat treated for 10 h at 800 ◦C to obtain a bixbyite phase ((Mn, Fe)2O3) and sieved to a size between
2 mm and 3 mm. The obtained metal oxide is denoted (Mn0.7Fe0.3)2O3 in the following. Based on our
previous work, an addition of 20 wt.% ZrO2 was chosen to improve particle stability and to inhibit
agglomeration [26]. The material properties are summarized in Table 1.
Table 1. Material parameters of the manganese–iron-oxide particles.
Parameter Symbol Value/Correlation Unit Reference
Particle diameter dp 2–3 mm as received
Bulk density ρbulk 1400 kg/m3 measured
Reaction enthalpy,
based on oxidized phase
∆r H 188 J/g measured
Specific heat capacity of
(Mn0.7Fe0.3)2O3 + 20% ZrO2
(30 ◦C to 580 ◦C)
cpox 427.76224 + 72.1084(
Ts
K − 273.15)0.24307 J/kg/K measured
True density of
(Mn0.7Fe0.3)2O3 + 20% ZrO2
ρs 5204 kg/m3 measured via
He-pycnometry
Total porosity ε 0.73 − calculated
Bulk porosity εb 0.48 − calculated
Intra-particle porosity εpor 0.48 − measured via
Hg-intrusion-porosimetry
The bulk density of 1400 kg/m3 ± 18 kg/m3 was measured by filling and weighing a 250 mL
cylinder. The effective onset temperature of reduction and oxidation was determined by means of
thermogravimetric analysis (TGA) (STA 449 F3 Jupiter, Netzsch). Two metal-oxide particles with
a total weight of around 30 mg were reduced and oxidized in an atmosphere of 20% oxygen (5.0)
in nitrogen (5.0) by applying heating rates of 1, 5, 10, 20, or 30 K/min. The onset temperatures
of each experiment were extrapolated with cubic spline method to null K/min for oxidation
and reduction. The reaction enthalpy was examined with differential scanning calorimetry (DSC) for
the oxidation applying heating rates of 10, 20, or 30 K/min at an oxygen partial pressure of 20 kPa.
Based on the composite material in the oxidized phase, a reaction enthalpy of 188 J/g ± 8 J/g
was identified by taking the mean of the second to fourth cycle of each heating rate experiment.
The value is in line with measurements in literature for (MnxFe1–x)2O3with a Mn/(Mn + Fe)
ratio x of x = 0.792 (203 J/g [13]), x = 0.75 (271 J/g [16]), and x = 0.67 (162 J/g [3]). The specific heat
capacity was measured in a temperature range of 30 ◦C to 580 ◦C by means of dynamic scanning
calorimetry (DSC 204 F1 Phoenix, Netzsch). A heating and cooling rate of 10 K/min was applied with
a nitrogen flow passing the pestled sample of (Mn0.7Fe0.3)2O3 in a Pt/Rh crucible. Furthermore, a long
time stability of the redox reaction was tested for 60 cycles in TGA. The mass loss indicated no decline
during consecutive cycling (see Appendix A). More detailed properties related to particle stability of
the applied manganese–iron-oxide compound can be found in Reference [26].
The reactor was never completely filled with metal-oxide particles. Sintered bauxite (type 30/50,
Saint Gobain Proppants in USA) was selected as filling material for unheated reactor parts during
the reduction of the manganese–iron-oxide particles. The sintered bauxite particles have an average
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diameter of 0.47 mm and a bulk density of 2040 kg/m3. The effect of sintered bauxite on the reactivity
of manganese–iron oxide was investigated during 30 redox cycles performed with TGA. For this
analysis, the manganese–iron oxide was pestled and mixed with sintered bauxite particles. The sample
was cycled in a Pt/Rh crucible without a lid between 850 ◦C and 1050 ◦C in a 100 mL/min gas stream
with 20 vol % O2 and nitrogen 5.0 as residual. The mass loss and gain due to the redox reaction stayed
stable for all 30 cycles, and no side reactions were visible.
2.2. Experimental Setup
A reactor for direct heat exchange between a particle stream and air stream was designed based
on a moving bed concept. The air stream flows in countercurrent to a moved particle bed, leading to
a continuous heat transfer of inherent sensible and thermochemical energy. The gas stream provides O2
for the reaction and would potentially act as heat transfer fluid to, e.g., a subsequent power generation
cycle. The three functional sections of the reactor are displayed in Figure 2a.
(a) (b) (c)
Figure 2. (a) Schematic of the reactor setup. (b) Close-up of the oxidation section with temperature
measurement points. (c) Picture of assembled reactor.
Although the reactor is designed for the discharging of the metal-oxide particles, the upper reactor
section, i.e., reduction section, corresponds to the solar receiver of the concept displayed in Figure 1.
Three heating elements (Multicell, Watlow) inside the reactor tube (inner Ø: 152.3 mm) ensure a bed
temperature above the reduction temperature of the applied metal-oxide particles. The heating
elements are distributed centrosymmetrically to allow for homogeneous axial temperature distribution
and are temperature regulated at three individual height sections to compensate the unequally
distributed thermal losses in the reduction section. During the charging step, the whole metal-oxide
bulk rests in the reduction section as a fixed bed on top of the filling material (sintered bauxite)
in the residual reactor. The heat transfer between solid and gas is investigated in the oxidation
section below the reduction section with moving bed conditions. High temperature-resistant wool
and microporous silica isolation in height of the reduction and oxidation section reduces heat transfer
to the environment. Two multipoint-thermocouples (type K, class 1, total Ø: 5 mm) are installed
to measure the bulk temperature along the bed height at 9 levels every 100 mm in central and half
radial position in the oxidation section (see Figure 2b) and at a central height in the reduction section.
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The multipoint-thermocouples are composed of thermo wires embedded in MgO to reduce thermal
conductivity between the measurement points and a 0.6 mm thin steel shell (nickel-based alloy 2.4816).
The gas enters the reactor from two sides through a double-walled cylinder below the oxidation section.
A filter (0.18 mm mesh size) prevents the particles from penetrating the gas tube system. The inlet
gas temperature is analyzed with a thermocouple (Ø: 3 mm) in each gas inlet tube. The average
temperature of both gas inlet flows is referred to as gas inlet temperature in later experiments. The gas
is led through heated tubes or a separate gas heater for higher gas temperatures to preheat the gas to
a set temperature at the inlet of the reactor. The off-gas temperature is analyzed by a thermocouple
(Ø: 1 mm) enclosed in an open tube (Ø: 4 mm) at level T3 (see Figure 2b), which is connected to
a pump of the gas analyzer. A small gas stream (<20 l/h) flows through the tube to the gas analyzer
for oxygen measurement and improvement of heat transfer between gas flow and thermocouple.
A screw conveyer regulates the particle volume flow at the bottom of the reactor to attain a moving
bed condition. Agglomeration of manganese–iron-oxide particles after several consecutive cycles
is reported [25,26] as well as fragmentation and breakage [26]. Thus, the metal–oxide particles are
prevented from entering the dosing unit by a sieve (2.5 mm mesh size), which is located between
the buffer section and the dosing unit as a precaution. The inert filling material can easily pass
the sieve and is transported into a container connected to the screw conveyor. A knocking device is
installed at the buffer section to support particle movement (Aldak, VTP-25, operated with 2 bar to
6 bar compressed air). In total, the reduction, oxidation, and buffer sections sum up to a height of
3.1 m.
The flow diagram of the setup is displayed in Figure 3. A mixture of compressed air
(0 l/min to 200 l/min) and nitrogen 5.0 (0 l/min to 75 l/min) is regulated by two mass flow
controllers (Bronkhorst HI-TEC, accuracy ± 0.5% reading and ± 0.2 l/min). All gas flow rates
in this study are based on norm conditions (Tg,n = 0 ◦C and pn = 1013.25 hPa). The oxygen
concentration in the off-gas is analyzed via paramagnetic oxygen measurement (NGA-2000 MLT-2,
Emerson Process Management/Rosemount Analytical) and used to calculate the extent of conversion
during the reduction and oxidation of the metal-oxide particles. The off-gas is cooled by a water-based
cooling unit and filtered (high-efficiency particulate air filter) before entering the gas analyzer.
Two pressure transducers (−1/1 bar relative with an error ± 2 mbar, B + B sensors) measure the
pressure drop across the particle bed inside the reactor. The gas flow can bypass the reactor by





























Figure 3. Flow diagram of the reactor setup.
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2.3. Experimental Procedure
Prior to each metal-oxide experiment, the reactor was filled with bauxite and metal-oxide particles
from the top. The buffer and oxidation section then consisted of bauxite particles, while the metal-oxide
particles lay on top of the bauxite bulk in the reduction section. The experiment is composed of two
segments: In the beginning, the metal-oxide bulk is reduced in a fixed bed operation (charging),
followed by the oxidation under a moving bed condition (discharging). For the charging segment,
the temperature of the heating elements was regulated to 1070 ◦C in order to reduce the metal-oxide
particles in the reduction section. During this step, an air stream V̇n of 35 l/min flowed through
the bulk at a gas inlet temperature Tg,in of 480 ◦C to 500 ◦C. After 14.5 h of dwell time at a heating
element temperature of 1070 ◦C, a bulk temperature of 1055 ◦C was measured at a central position
in the reduction section. To foster the initial particle flowability for the subsequent moving bed
operation, the heating element temperatures were reduced to 900 ◦C. Prior to this decrease of the bulk
temperature, the gas flow was switched to a nitrogen flow for a period of 3 h to impede an early
oxidation of the manganese–iron-oxide particles. The bulk movement for the moving bed experiment
was induced and regulated by the screw conveyor by adjusting the volume flow rate. The dosing unit
conveyed the bauxite particles in a connected container, while the metal-oxide bulk stayed in the buffer
section, hindered by a filter, to minimize the mechanical stress for the metal-oxide particles. The gas
flow was switched from nitrogen back to air before the metal-oxide bulk entered the oxidation section
on top of the bauxite bulk. A reference moving bed experiment was performed with a metal-oxide
particle flow of 3 g/s in countercurrent to an air flow V̇n of 150 l/min with a gas inlet temperature
Tg,in of 300 ◦C. The selected air flow should result in gas velocities below the minimal fluidization
velocity of the manganese–iron-oxide bulk. After 4.5 h, the reduction and oxidation section was
emptied of metal-oxide particles.
2.4. Conversion Calculation
The reaction conversion α of the redox reaction is calculated with the start mass of
oxidized particles, oxygen concentration in the off-gas stream cO2(out), and the air flow V̇g,in
at the gas inlet, all of them being measured input parameters. A stoichiometric mass loss
of 2.693% based on the oxidized phase results from the reaction equation (Equation (1)) for
(Mn0.7Fe0.3)2O3 + 20 wt.% ZrO2. A nitrogen balance yields the off-gas stream, with the assumption





The oxygen concentration of the air flow cO2,in at the gas inlet is fitted with the oxygen
concentration in the off-gas cO2,out when the reactor is under ambient condition, and thus, a nonreactive
environment can be assumed. The difference of molar oxygen flow in and out of the reactor yields
the molar amount of oxygen connected to the redox reaction. As a final step, the conversion α is
calculated as a ratio of the accumulated molar uptake or release of oxygen due to the reaction ṅO2,r(t)





3. Results and Discussion
The functional investigation of the installed moving bed reactor was performed with
a manganese–iron-oxide particle flow in countercurrent to an air flow. Since the heat transfer
of thermal and thermochemical energy can overlap in the moving bed reactor, the temperature
and pressure dependence of the reaction rate of the redox reaction of the manganese–iron-oxide
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particles is decisive. Therefore, in the first step, the reaction characteristics of the metal-oxide particles
were examined regarding the effective onset temperatures as well as the pressure and temperature
dependence on the reaction rate. In the next step, the effect of the release of reaction enthalpy on the
temperature profile and reactor performance of a moving bed reactor was investigated experimentally.
Finally, the suitability of the manganese–iron-oxide particles for application as heat transfer medium
and thermochemical energy storage material in a moving bed reactor is discussed.
3.1. Reaction Characteristics
The effective onset temperature of the manganese–iron oxide is one crucial material
parameter which influences the temperature profile of the moving bed reactor being studied.
Dynamic thermogravimetric analyses yield a temperature threshold of 915.5 ◦C for the oxidation
onset and 1003.1 ◦C for the reduction onset of the manganese–iron-oxide particles based on an oxygen
partial pressure of 200 hPa (see Appendix B). This temperature difference is referred to as
“thermal hysteresis” and was also reported for manganese–iron oxides with different cation
ratios [14,16]. Apparently, reaction kinetics limit the conversion between 915.5 ◦C and 1003.1 ◦C
in such an amount that this temperature area is technically irrelevant for a moving bed reactor.
Nevertheless, the samples were reduced and oxidized to a conversion extent of at least 99%
during all cycles of the applied heating and cooling rates between 1 K/min and 30 K/min.
Therefore, two conclusions concerning the envisaged moving bed experiments can be drawn:
Firstly, the oxidation of the manganese–iron-oxide particles will occur below the effective onset
temperature of 915.5 ◦C, and finally, reaction kinetics should not limit the conversion for cooling rates
up to 30 K/min in case of an oxygen partial pressure of 200 hPa.
As a next step, the temperature dependence on the reaction rate is analyzed with TGA.
The obtained conversion during isothermal measurements between 500 ◦C and 925 ◦C is presented
in Figure 4. The samples were reduced in a gas flow containing 21% oxygen at 1050 ◦C prior to
the analysis of the oxidation reaction for a selected temperature. As a next step, to initiate the oxidation,
the material was at first cooled to the specific temperature in nitrogen, and then after 5 min dwell time,
it was exposed to a gas flow containing 21% oxygen. The reaction rate reaches its maximum between
a temperature of 700 ◦C to 800 ◦C for the considered oxygen partial pressure of 210 hPa. Outside of this
temperature range, the induction period is prolonged and the reaction rate decreases. Especially a solid
temperature above 900 ◦C or below 550 ◦C drastically reduces the reaction rate. A minimal induction
period of 1 min can be identified for all isothermal measurements in Figure 4b. Furthermore, the
isothermal measurement at 925 ◦C indicates that the oxidation can be triggered above the previously
determined onset temperature, although with a low reaction rate. Regarding the application in
a moving bed, the operational conditions should allow for a particle residence time of at least 4 min in
the temperature range of 700 ◦C to 800 ◦C to favor a full conversion of the material.
However, in contrast to the conditions in thermogravimetric analysis, the oxygen partial pressure
will be reduced by oxidation in the moving bed experiment due to a higher ratio of particle mass to gas
flow. Therefore, the pressure dependence of the reaction is examined using isothermal measurements
at 850 ◦C (see Figure 5).
The measurements indicate a clear correlation between the oxygen partial pressure
and the reaction rate. A lower oxygen partial pressure causes a lower reaction rate and prolongs
the induction period of the reaction. Higher gas flows could therefore lead to an increased reaction
conversion as they counteract the drop in oxygen partial pressure and thus increase the reaction rate.
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Figure 4. Oxidation conversion of manganese–iron oxide particles during isothermal measurements
with an oxygen partial pressure of 210 hPa in a thermogravimetric analyzer. (a) Overview of the reaction
conversion of the isothermal section. (b) Enlarged plot of the reaction conversion during the first 5 min
of the isothermal section.
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Figure 5. Isothermal oxidation of manganese–iron oxide particles with varying oxygen partial pressure
in a thermogravimetric analyzer at 850 ◦C.
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3.2. Experimental Results of a Moving Bed Reactor Operated with Mn–Fe-Oxide Particles
The interaction of the release of reaction enthalpy and the direct heat transfer of sensible
thermal energy to a gas stream was investigated with a moving bed reactor based on metal-oxide
particles. In Figure 6, the gas and solid temperatures during moving bed condition with
a metal-oxide flow of 3 g/s in countercurrent to an air flow V̇n of 150 l/min are displayed together
with the oxygen concentration in the off-gas. The diagram represents a period of the moving
bed operation, when preheated manganese–iron-oxide particles continuously enter the oxidation
section (compare Figure 2a). The position of the thermocouples in the oxidation section is given in
the schematic next to the diagram.
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Figure 6. Solid (continuous line) and gas temperatures (dashed line) during moving bed operation
with 3 g/s particle flow in countercurrent to an air flow V̇n of 150 l/min. The oxygen concentration in
the exhaust gas is shown on the right axis of ordinate. The schematic of the oxidation section next to
the diagram displays the temperature measurement points.
The bulk temperatures show a different course at different bed heights. In the first 20 cm of
bed height (T2 to T4), the bulk temperature forms plateaus between 886 ◦C and 897 ◦C. The bulk
temperature at level T5 increases with time to the temperature range of the temperature plateaus as
well. The temperature drop at the end of each plateau marks the point in time when the top layer
of the manganese–iron-oxide bulk falls below this measuring point. In contrast to the temperature
plateaus between bed height level T2 to T5, the bulk temperature strongly decreases in the following
10 cm to bed height level T6. As a result, the bulk is cooled with a rate of 24 K/min in between those
measurement points, considering the temperature change of the topmost layer of the metal-oxide bulk.
The gas temperature at level T3 follows the course of the bulk temperature at the same bed height.
Due to the heat transfer between the particle bed and the gas flow, the gas temperature increases from
Tgas,in to T3gas by a maximum value of 580 K. This temperature increase correlates with the obtained
thermal power of the reactor, which will be discussed in Section 3.3. The oxygen concentration strongly
declines during the first 10 min, which can be attributed to the oxygen uptake caused by the oxidation
reaction. However, the starting oxygen concentration in the off-gas is still on a low level because of
the nitrogen atmosphere prior to the displayed period of the moving bed operation. In total, 80.2% of
the former reduced particles were oxidized during moving bed operation. The initial heating period
under fixed-bed condition resulted in an absolute reduction conversion of 77.1%. It has to be noted
that the measured oxygen concentration provides the reaction condition as an average over the whole
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bed. Therefore, the effect of oxidation on the oxygen concentration at a lower bed height could exceed
the effect of reduction from the bulk close to the heating section of the reactor. This fact could result in
a higher absolute conversion than calculated.
In Figure 7, the development of a temperature profile of several particle layers during the moving
bed operation of the reactor with a Mn–Fe-oxide mass flow of 3 g/s is displayed. The temperature
profile depicts the change in temperature when particle layers, in distance of 2 cm to each other,
move through the oxidation section. The temperature of the first particle layer in Figure 7 at a bed
height of 70 cm corresponds to the solid particle temperature which is measured after 3 min in Figure 6
at the level of T2. The temperature development of the particle layers is selected according to
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Figure 7. Development of the solid temperature of several layers (in 2 cm distance to each other)
along the bed height in the oxidation section. The temperature development is selected according to
the theoretical bulk movement. The effective onset temperature of the oxidation of the manganese–iron
oxides is added as a dashed line.
The effect of the exothermic reaction is clearly visible by the nearly isothermal bed height
of 30 cm. In general, the layers show a stationary temperature profile for the presented time
period. Apparently, the amount of the released reaction enthalpy of the oxidation is able to
compensate to a great extent for the heat transfer to the gas flow and thermal energy losses to
the surrounding, e.g., thermal mass of reactor tube and heat transfer through insulation in the upper
part (at bed height 40 cm to 70 cm) of this reactor setup. Overall, the solid temperature drops from
900 ◦C to 300 ◦C along the bed height. However, the particles reach the gas inlet temperature within
a sharp front of ∼20 cm. The lower part of the oxidation section (at bed height 0 cm to 20 cm) is again
almost isothermal, however, in this case without chemical reaction. Thus, the reactor length could
be shortened by around 20 cm without reducing the attained energy density of the thermochemical
storage material or the thermal power of the moving bed reactor. The reproducibility of the formation
of this characteristic nearly isothermal bed height is confirmed in Appendix C.
So far, it is unknown if the heat transfer of thermochemical and thermal energy overlap in
the height section of high cooling rates. Obviously, oxidation takes part in the isothermal bed height.
However, the experimental data does not describe the local oxygen concentration and thus conversion
status. The determined reaction characteristics at different temperatures, cooling rates, or oxygen
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partial pressures of the previous Section 3.1 can be applied to estimate the possibility of further reaction
conversion in the section with a temperature gradient of the bulk. The moving bed experiment resulted
in an oxidation conversion of 80.2% and temperature plateaus between 886 ◦C and 897 ◦C, which is
below the effective onset temperature for oxidation of 915.5 ◦C. In TGA, the reaction requires 50 min
at a sample temperature of 900 ◦C to attain a conversion extent of 96%, whereas full conversion
is achieved after 5 min at 850 ◦C in case of 20% oxygen in the atmosphere (see Figure 4). The
residence time of the particles in the nearly isothermal bed height of the moving bed reactor is
around 50 min, considering a particle velocity of 0.65 cm/min. Thus, if the effect of the oxygen partial
pressure can be neglected, the particles should be oxidized in the bed height of nearly isothermal
conditions before their temperature is decreased to 300 ◦C. Furthermore, the attained cooling rates
in the moving bed experiment depicted in Figure 6 are in the range of the investigated cooling rates
of TGA measurements (Figure A2), where the extent of oxidation conversion was determined to
exceed 99% for cooling rates of up to 30 K/min. However, as a minimal oxygen concentration of 17.9%
was measured during the moving bed experiment, the oxygen partial pressure in the moving bed
experiment was lower than the applied oxygen partial pressure in the TGA measurements regarding
the temperature dependence of the reaction rate or the determination of onset temperatures for various
cooling rates. Isothermal measurements at 850 ◦C based on TGA indicated that a decrease of oxygen
concentration from 21% to 15% doubles the reaction time required to achieve an oxidation conversion
of 99% (see Figure 5). In the end, the metal-oxide particles probably continued oxidizing in the section
with high temperature gradients below the bed height with nearly isothermal conditions, which would
result in overlapping heat transfer of thermochemical and thermal energy. An additional simulation
of the presented moving bed experiment could yield the local extent of conversion caused by this
complex correlation between chemical reaction and heat transfer.
3.3. Energetic Evaluation of the Moving Bed Reactor
The heat transfer between gas and solid is the main task of the presented moving bed reactor.
Even though the gas temperature is difficult to measure at these elevated temperatures, the thermal
power of the heat exchanger is estimated with Pth =
∫
V̇g, inρg,normcpg(T)dTg. Here, cpg(T) equals the
temperature dependent specific heat capacity of the gas flow V̇g, in, which is stated for the gas density
at norm condition ρg,norm. Figure 8 displays the attained thermal power during the period of moving
bed operation corresponding to Figure 6. The gas temperature at level T3 directly determines the
course of the thermal power curve, since the gas inlet temperature is nearly constant. The thermal
power is nearly constant when particles with a stationary inlet temperature entered the oxidation
section and drops, as soon as the top of the bulk passed level T3. From this moment on, the available
bulk height for heat exchange decreases with time. Overall, the experiment achieved a peak power of
2.1 kW and an average power of 2.0 kW for 30 min.
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Figure 8. Attained thermal power of the moving bed reactor, which is transferred to the gas flow
(150 l/min) by the countercurrent metal-oxide flow of 3 g/s: The displayed period of moving bed
operation equals the period shown in Figure 6.
The energy density is a crucial factor to compare energy storage materials. Since the presented
reactor facilitates the heat transfer of sensible as well as thermochemical energy to the countercurrent
gas flow, the energy density of the manganese–iron-oxide particles is increased by the sensible
share in energy density in comparison to other thermochemical energy storage materials.
The manganese–iron-oxide particles entered the oxidation section of the reactor with 895 ◦C at position
T3 and exited the oxidation section with 304 ◦C at T9. The gravimetric energy density of the metal-oxide
particles can be calculated based on the specific heat capacity for the oxidized phase and the reaction
enthalpy of 188 J/g (see Section 2). As a result, an energy density of 569 kJ/kg (or 158 Wh/kg)
is achieved with the investigated metal-oxide particles and reactor setup, based on the oxidized
phase of the material (Mn0.7Fe0.3)2O3 + 20wt.% ZrO2. Here, the thermochemical share in energy
density accounts for 21.1 %.
In conclusion, the concept of combined utilization of the release of reaction enthalpy and
heat transfer of sensible thermal energy in a countercurrent moving bed reactor is feasible.
The manganese–iron oxide was reoxidized to an extent of 80.2% relative to the extent of previous
reduction. To improve the extent of oxidation conversion, three options are conceivable: Firstly, it is
beneficial to increase the oxygen partial pressure during the moving bed operation to impede
the limitations of the reaction kinetics. However, raising the oxygen partial pressure beyond ambient
conditions would negate the advantage of simple gas handling when utilizing metal oxides as
thermochemical energy storage. Secondly, lower solid flow rates would cause a higher particle
residence time in a temperature range relevant for higher reaction rates, but it would also decrease the
thermal power. Finally, an indirect heat transfer in the bed height of the nearly isothermal condition
has the potential to lower the solid temperature to a level that allows for higher reaction rates without
the need to decrease the total gas flow. For example, the gas flow could be first heated indirectly by
the bed height of the nearly isothermal condition before entering the moving bed reactor for the heat
transfer of sensible thermal energy. However, this would lead to higher solid outlet temperatures
and thus a reduced utilization of the inherent thermal energy. In addition, the indirect heat transfer in
the bed height of nearly isothermal conditions could power other high temperature processes, such as
a thermoelectric generator or an alkali-metal thermal to electric converter.
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3.4. Particle Handling in a Moving Bed Reactor Based on Manganese–Iron Oxide
The flowability of manganese–iron-oxide particles at elevated temperatures posed a major
challenge when performing moving bed experiments. Especially the initiation of the metal-oxide
movement after the particles were heated in the reduction section of the reactor (see Figure 2a) caused
a discontinuous particle flow during most of the experiments, which are not presented in this study.
In addition, the subsequent particle movement through the different sections of the reactor was
aided by a knocking device and partial manual knocking on the buffer section. The blocking of
the particles in the reactor tube after being heated and reduced in fixed bed operation emphasizes
the necessity of a continuously working solar receiver. Concerning the presented metal-oxide
experiment, the cooling of the manganese–iron-oxide particles in nitrogen atmosphere to around 905 ◦C
particle temperature in combination with several pressure surges resulted in a successful initiation of
the moving bed operation.
Agglomeration of the particles could constitute one reason for the low flowability of
the metal-oxide bulk. However, our previous work about the particle stability of the same
manganese–iron oxide did not indicate a high tendency towards agglomeration [26]. A picture
of the uppermost layer of the metal-oxide bulk after the moving bed experiment is displayed in
Figure 9b. For this purpose, the reactor was opened between the oxidation section and the buffer section.
No agglomerates or channels were discovered after this experiment. Furthermore, Figure 9a depicts
an exemplary amount of metal-oxide particles in the untreated condition (1) or after 15 experiments in
the moving bed reactor (2). The comparison reveals no visible change in particle constitution.
Figure 9. (a) Comparison of fresh manganese–iron oxide particles (1) to manganese–iron oxide particles
after 15 redox cycles in the moving bed reactor (2). (b) Picture of the uppermost bulk layer after
the described moving bed experiment. (c) Picture of the flowability tests performed after the sample
was extracted from the chamber furnace set at 1050 ◦C.
The flowability of the metal-oxide bulk in the reactor setup was tested at room temperature with
a particle flow of 3 g/s. The velocity of the uppermost particle layer was determined and compared
with the theoretical velocity, which was obtained by calibrating the screw conveyor. The agreement of
the experimental velocity with the theoretical velocity proves the basic flowability of the material at
room temperature. Therefore, the temperature dependence of the particle flowability was additionally
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investigated. An amount of 100 g manganese–iron oxide particles was filled in a ceramic beaker and
cycled between temperatures of 50 ◦C and 1050 ◦C in a chamber furnace with ambient atmosphere.
The metal-oxide sample was extracted from the furnace at different temperatures and transferred
into an empty ceramic beaker to examine the flowability. The picture in Figure 9c illustrates a time
section of the particle transfer when the sample was extracted from the furnace at 1050 ◦C with
a measured sample temperature of 1034 ◦C initially to the decanting process. At this high temperature,
the sample was initially stuck in the ceramic beaker. Over several stages, the sample then flowed into
the empty beaker within a cooling time of 2 min, requiring slight shaking movements or knocking of
the beaker onto a refractory brick. The sample was transferred back to the original ceramic beaker
without difficulty at a particle temperature of around 700 ◦C to 860 ◦C. Repeating the decanting process
between 850 ◦C and 1050 ◦C confirmed the reduced flowability, whereas the particles were free flowing
at a sample temperature of 550 ◦C. In summary, the flowability of the manganese–iron oxide particles
is limited, when they are previously heated as a fixed bed to temperatures between 850 ◦C and 1050 ◦C.
4. Conclusions
The first moving bed reactor for thermochemical energy storage at high temperatures has
been put into operation and analyzed in detail. The reactor addressed the combined utilization
of thermochemical and sensible energy based on metal-oxide particles, which is important to enhance
the system efficiency. The reaction behavior of the material at different temperatures and pressures
was investigated to pretest the reaction capability at probable experimental operation conditions.
Furthermore, the suitability of the manganese–iron oxide was assessed for application in a continuously
operated system. The main conclusions considering technical applications are as follows:
• Thermogravimetric analyses revealed that cooling rates of up to 30 K/min pose no challenge
for the oxidation of the investigated manganese–iron oxide at an oxygen partial pressure
of 20 kPa. Furthermore, sufficient long-term stability of the redox reaction was demonstrated
for 60 consecutive cycles in TGA.
• The oxidation of the manganese–iron oxide caused two distinct temperature sections during
the moving bed experiment: one section with nearly isothermal conditions and one section
with a temperature gradient similar to a moving bed operation based on inert storage
material. A thermal power of 2 kW was transferred to the gas flow during stationary
temperature conditions.
• The manganese–iron oxide particles were oxidized to an extent of 80.2% during moving
bed operation, based on the preceding partial reduction of 77.1%. An indirect heat
transfer in the section of nearly isothermal condition could increase the oxidation conversion
because the particle temperature could be regulated to a level of higher reaction rates.
• The flowability of the manganese–iron-oxide particles was limited at high temperatures
in the moving bed reactor. Additional tests revealed an insufficient flowability
between 850 ◦C and 1050 ◦C. However, the underlying mechanism needs to be further addressed
for an application of this manganese–iron oxide compound in a continuously operated system.
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Appendix A. Cycle Stability of the Redox Reaction of Mn–Fe Oxide
Two consecutive cycling tests, consisting each of 30 redox cycles, were carried out in TGA with
a heating and cooling rate of 20 K/min at an oxygen partial pressure of 20 kPa. The first 30 cycles
were performed between a sample temperature of 850 ◦C and 1050 ◦C, whereas the lower sample
temperature was decreased to 750 ◦C for the following 30 cycles. Figure A1 depicts the mass loss of
exemplary cycles. Both the reduction and oxidation indicate a stable mass loss over 60 redox cycles.
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Figure A1. Relative mass loss of the manganese–iron oxide compound during several redox cycles
performed in TGA with an oxygen partial pressure of 20 kPa and a heating and cooling rate of 20 K/min.
(a) The sample temperature was varied between 850 ◦C and 1050 ◦C during the first 30 redox cycles.
(b) The next 30 redox cycles were carried out between a sample temperature of 750 ◦C and 1050 ◦C.
Appendix B. Determination of the Effective Onset Temperature of the Investigated Mn–Fe Oxide
The effective onset temperature of the oxidation and reduction of the transition
of (Mn0.7Fe0.3)3O4/(Mn0.7Fe0.3)2O3 is determined via thermogravimetric analysis. Dynamic
measurements with 1–5–10–20 and 30 K/min heating or cooling rate and an atmosphere of 20%
oxygen were performed. The extrapolation to 0 K/min of the average onset temperatures of 3 cycles
with different heating or cooling rates yields the effective onset temperature and is displayed with
dashed lines in Figure A2 for oxidation and reduction.
Obviously, the effective onset temperature of the reduction deviates from the effective onset
temperature of the oxidation. A temperature difference of 87.6 ◦C between the two onset temperatures
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is found for the applied oxygen partial pressure and is referred to as thermal hysteresis of the redox
reaction. The gained temperature borders do not equal the thermodynamic equilibrium, which was
calculated with Factsage (phase transition: bixbyite + spinel to bixbyite). However, the effective onset
temperatures constitute a technical temperature threshold for the application of the Mn–Fe oxide
under ambient atmospheric conditions.
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Figure A2. Obtained onset temperatures of reduction and oxidation of the investigated manganese–iron
oxide for 3 consecutive cycles in a thermogravimetric analyzer, applying an oxygen concentration
of 20% at different heating and cooling rates: The effective onset temperatures (dashed lines) and
the thermodynamic equilibrium (solid line) are displayed as well.
Appendix C. Reproducibility of the Characteristic Isothermal Bed Segment
The development of the solid temperature of several particle layers during nearly steady-state
operation of the moving bed experiment presented in this study is compared to an additional moving
bed experiment in Figure A3. The additional experiment was performed with the same particle flow
rate but a lower gas flow rate and gas inlet temperature. The characteristic isothermal bed segment
(bed height of 40 cm to 70 cm), which is caused by the oxidation, is identical for both experiments in
position and temperature. The following segment (bed height 10 cm to 40 cm), where the temperature
profile is dominated by the sensible cooling of the particle layers, indicates a lower temperature
gradient for the additional experiment. This variation between the temperature profiles could be
caused by the lower gas flow and an insufficient particle flowability in the additional experiment.
Due to the inconsistent particle movement, the results of the additional experiment are not discussed
in more detail. Nevertheless, they corroborate the reproducibility of the characteristic temperature
profile of a countercurrent moving bed based on a thermochemical material in principle.
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Figure A3. Development of the temperature of 6 particle layers (in 2 cm distance to each other) along the bed
height during moving bed operation of the experiment in the study (green dotted lines, compare to Figure 7)
and a similar experiment (red solid lines).
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3 Discussion and conclusion
In this chapter, all findings are summarized and discussed with regard to an application of
manganese-iron-oxide particles in a continuously operated reactor for the extraction of
both sensible thermal energy and thermochemical energy. The effect of the oxidation on
the temperature profile and resulting energy and power density is assessed as well as the
applicability of the manganese-iron-oxide particles for the suggested CSP system. In the
end, proposals for further work are presented.
3.1 The impact of the modification of manganese-iron-oxide particles on their
stability and handling
The application of metal oxide particles as thermochemical energy storagematerial and heat
transfer medium in a continuously operated CSP plant necessitates sufficient flowability
of the particles and resistance of the particles against mechanical stress, especially for
long-term utilization. Therefore, the mechanical strength and agglomeration tendency of
manganese-iron oxides modified with 20 wt.% ZrO2, CeO2 or TiO2 was investigated and
compared to a pure manganese-iron oxide.
For this purpose, an attrition jet cup simulated strong mechanical stress for the particles.
The unsupported manganese-iron oxide showed a linear attrition trend in the jet cup after
the particles were pretreated with 30 redox cycles in a fixed-bed reactor. Thus, a high
particle loss in the continuously operated system can be expected when the unsupported
manganese-iron oxide is applied for several cycles. In contrast, the addition of CeO2 or
especially ZrO2 improved the attrition resistance, in particular after several redox cycles,
compared to the unsupported manganese-iron oxide particles.
Furthermore, the particle stability during 30 redox cycles, causing mainly chemical stress
for the particles, was investigated in a fixed bed reactor by comparing the particle size
distribution of fresh and treated samples. The thermal cycling of the redox reaction with
unmodified manganese-iron oxide induced agglomeration of the particles, an increase
in bed volume, and the formation of fines. The addition of ZrO2 or CeO2 impeded the
agglomeration of the particles as well as the formation of fines and bed volume expansion.
The reduced agglomeration tendency can be correlated to a decrease in grain growth on
the particle surface after 30 redox cycles, in particular for the addition of ZrO2.
In addition, in temperature shock experiments, the pure and modified manganese-iron
oxide particles were exposed to high heating and cooling rates in an either air or nitrogen
atmosphere, to focus on the effect of thermal stress on the different compounds. The
temperature shock experiments with an atmosphere containing only nitrogen did not result
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in the formation of agglomerates of any material sample. Therefore, the agglomeration
of the unmodified manganese-iron oxide particles, which was detected after cooling the
sample, is connected to the redox reaction of the sample and not caused by some sintering
process of the reduced phase at these elevated temperatures.
Since the redox reaction of the manganese-iron oxides is the main reason for their
application, a modification is inevitable to prevent flowability issues due to the formation of
agglomerates. The addition of CeO2 and particularly ZrO2 proofed promising regarding the
enhancement of the mechanical strength and agglomeration tendency of the manganese-
iron oxide based samples. Despite X-ray diffraction measurements of the treated samples
indicated that CeO2 and ZrO2 are mostly inert in the manganese-iron oxide particles, their
addition led to a decreased reaction rate and slightly increased deviation of the onset
temperatures of reduction and oxidation in the fixed-bed experiment. However, a stable
conversion was detected with an extent of at least 90 % for the pure and the ZrO2 or CeO2
modified samples in a TGA with similar operational conditions to the thermally induced
redox cycles in the fixed-bed reactor. In contrast, the addition of TiO2 caused the formation
of pseudobrookite, hence this sample showed only negligible redox reactivity.
Although the modification of the manganese-iron oxides by means of adding supportive
material reduces the reaction rate and the energy density, it is still indispensable for
the continuously operated system due to the enhanced particle stability. In the end, the
modification of manganese-iron oxide with 20 wt. % ZrO2 was successful and promising,
with regard to the enhanced mechanical strength and agglomeration inhibition. Since
additionally, a long-term stability of the redox reaction was demonstrated for 60 consecutive
cycles in a TGA, this material was chosen for the moving bed experiment in 20 kg scale.
The application of modified manganese-iron-oxide particles in the moving bed reactor
confirmed the low agglomeration tendency, as long as the bulk is investigated at room
temperature after the redox cycle, comparable to the previous investigations. Some of the
moving bed experiments revealed minor agglomerates on top of the bulk, which easily
disintegrated in the hand. Nevertheless, the flowability of the metal oxide bulk was limited
at high particle temperatures, especially the initiation of movement after the bulk was
heated and reduced under a fixed-bed condition. Thus, the extraction of particles from
the high temperature storage tank between the solar receiver and the oxidation reactor,
which allows the decoupling of the system’s capacity and thermal power, could proof as
problematic.
A moving bed experiment at room temperature yielded a continuous movement of the
metal oxide bulk with sufficient flowability. Therefore, the effect of the high temperature
level and the redox reaction on the flowability was examined by means of decanting
experiments at temperatures up to 1050 °C. The flowability decreased in the temperature
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range of 550 °C to 850 °C and was significantly diminished at 1034 °C sample temperature,
at which the sample was extracted from the oven in form of a fixed bed in a ceramic
beaker. Once the particle movement was initiated, the samples could be easily transferred,
although still being at an elevated temperature. This fact also emphasizes the necessity of
a continuously operated solar receiver. The reduced flowability could be attributed to the
redox reaction or a sintering process, which is not detectable anymore when the bulk is
cooled to room temperature.
Nevertheless, the modification of manganese-iron oxide with ZrO2 did lower the ag-
glomeration tendency and thus the particle flowability. Future work should address the
flowability of metal oxide particles at high temperatures. A suitable test rig to characterize
the granular flowability for high temperature applications is proposed by A. Schrader [58],
due to observed agglomeration of perovskite particles in a solar receiver. The addition
of ZrO2 could also have a beneficial effect on the agglomeration tendency of perovskite
particles. However, the influence of the amount of supportive ZrO2 on particle stability and
the prevention of agglomeration needs to be considered to possibly increase the energy
density of the particles.
3.2 The effect of the oxidation on a moving bed operation
The effect of the metal oxide oxidation and associated release of reaction enthalpy on the
temperature profile and thermal power of a counter-current moving bed reactor as well
as on the attainable energy density of the metal oxides was investigated experimentally
and numerically for the first time. Both the numeric analysis and the experiment revealed
the formation of a nearly isothermal segment within the bed, when the moving bed
operation approximated steady state. The characteristic temperature profile of a moving
bed experiment is depicted in Fig. 3.1. Following to the nearly isothermal segment (orange
area in Fig. 3.1), the bulk exhibited a segment with a distinctive temperature gradient
(gray area in Fig. 3.1), which is thus dominated by a sensible cooling of the particle flow.
The temperature of the nearly isothermal segment of the moving bed experiment (paper
III) complies with the temperature plateau, which was detected during the thermal cycling
in fixed-bed operation (paper I), both applying manganese-iron oxide supported with 20
wt.% ZrO2. This nearly isothermal bed segment obviously demonstrates the effect of the
exothermic oxidation reaction.
The moving bed experiment resulted in a relative oxidation conversion of 80.2 % of the
manganese-iron-oxide bulk. However, the experiment is not able to provide information
about the local oxygen concentration in the gas phase with the associated conversion status
of the solid. A transient 1D FEM simulation of a counter-current moving bed reactor (paper
II) was performed to numerically approach the effect of the oxidation. The simulation
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Figure 3.1 Characteristic temperature profile of a moving bed experiment with experimental
data from paper III. The temperature development of several particle layers during their travel
through the oxidation section of the setup is depicted. Each point corresponds to a temperature
measurement in the bulk (Compared to Fig. 7 in paper III).
is based on an unsupported manganese-iron oxide with a slightly increased manganese-
content compared to the metal oxides utilized for the experiment. Nevertheless, the
fundamental findings on the effect of the oxidation on the temperature profile, the local
extent of conversion, the energy density and the thermal power of the reactor can be
transferred to the experiment. The simulation identified the highest oxidation conversion in
the segment of high temperature gradients close to the gas inlet, since the solid temperature
in the nearly isothermal bed segment is in a range, in which the oxidation precedes
very slowly. Furthermore, the simulation indicated that in the bed segment with nearly
isothermal conditions only a small amount of heat could be transferred from solid to gas,
since the gas had already approached the solid temperature. The prevailing cooling rate
following the nearly isothermal bed segment impeded full oxidation conversion resulting
in an extent which is in range of the experimentally attained extent of conversion for
comparable particle and gas flow rates. Thus, in the moving bed experiment, the metal
oxides probably continued oxidizing in the bed segment with high temperature gradients,
which resulted in an overlapping of reaction enthalpy release and heat transfer of thermal
energy between the particle flow and gas flow.
A comparison of a simulated counter-current moving bed operated with inert or reactive
manganese-iron oxide highlighted the beneficial effect of the oxidation on the gas outlet
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temperature and thus thermal power as well as on the energy density of the particles.
However, the extent of conversion and the resulting temperature profile drastically changed
in the simulation, when the heat capacity rate ratio of solid to fluid fell below a material
characteristic ’tipping point’. In this case, the temperature profile of the solid resembled
more that of an inert moving bed with an even higher temperature gradient, which caused
a significant drop of the attainable oxidation conversion. The highest extent of conversion
was observed for a gas flow rate just below the ’tipping point’ for a given particle flow rate.
Thus, this ’tipping point’ is a crucial material-specific parameter when considering the
achievable extent of conversion.
Higher particle flow rates and gas flow rates, selected for the maximal attainable con-
version of the corresponding particle flow rate, yielded similar temperature profiles with
respect to the temperature and dimension of the nearly isothermal segment. Thus, the
characteristic temperature profile of a moving bed reactor operated with manganese-iron
oxide stays stable when higher flow rates are applied with a heat capacity rate ratio of
the ’tipping point’ for an increase of thermal power. Furthermore, the flow rate variation
indicated that the moving bed reactor facilitates a more stable gas outlet temperature
for a fluctuating gas flow below the ’tipping point’, which was attributed to the oxida-
tion of the manganese-iron oxide particles by comparing to a moving bed based on inert
manganese-iron oxide.
The heat capacity rate ratio of the ’tipping point’ increased for higher particle flow rates
due to a kinetic limitation, which resulted in a reduced extent of oxidation conversion
with increasing flow rates. Therefore, the effective oxidation kinetics limited the attainable
energy density and thermal power of the moving bed reactor. However, the energy density
and thermal power followed an opposite trend if both flow rates are increased. Higher
flow rates led to higher thermal power despite the reduction of the energy density of the
manganese-iron oxide due to a lower residence time of the particles in a temperature range
where high conversion rates are achievable. Consequently, the share of thermochemical
energy in the total energy density decreased. In the end, the ’tipping point’ of the metal
oxide needs to be considered, since both the limited heat transfer in the nearly isothermal
bed segment and oxidation kinetics confine the attainable power density of the moving
bed reactor.
As a consequence of the numerical and experimental results, three operational or
technical adaptations are feasible to extract both the sensible thermal energy and complete
thermochemical energy of the investigated manganese-iron oxides in a moving bed reactor:
1. The increase of the oxygen partial pressure in the oxidation reactor would be ben-
eficial for the oxidation rate. However, an increase of the oxygen partial pressure
beyond ambient conditions would negate the advantage of an easy gas handling
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when employing metal oxides as thermochemical energy storage.
2. Lower solid flow rates could be applied, since this would cause a higher particle
residence time in a temperature range relevant for high reaction rates. However, it
would also reduce the thermal power.
3. Additional indirect heat transfer in the nearly isothermal bed segment could lower
the solid temperature. Besides the additional thermal energy extraction, the solid
temperature is regulated to a level that allows higher reaction rates without reducing
the overall gas flow. Therefore, the dimension of the isothermal bed segment is
reduced and thus the power density of the moving bed reactor is increased. For
example, the indirect integration of a process, which is operated isothermally at
elevated temperatures could potentially enhance the extent of the conversion, e.g.,
a thermoelectric generator or an alkali-metal thermal-to-electric converter. In the
end, the moving bed reactor would provide the thermal energy for two processes.
3.3 Evaluation of the manganese-iron-oxide application as TCS material for a
continuous CSP system
Manganese-iron oxide acted as a reference material to investigate the possibility of extract-
ing sensible thermal energy and the thermochemical energy of metal oxides in the context
of a continuously operated CSP system in this work. The energy density of the investigated
manganese-iron oxides is one crucial parameter to determine the competitiveness against
sensible thermal storage material. Thus, in Fig. 3.2 the attained energy densities of this
work are compared to theoretical values of the starting metal oxides (Mn2O3 / Mn3O4 and
Fe2O3 / Fe3O4, see also Fig. 1.2) as well as to a sensible thermal energy storage material,
i.e. sintered bauxite.
The partial oxidation of the manganese-iron oxide particles and temperature reduction of
about 600 °C in the moving bed experiment (paper III) with nearly steady-state operation
resulted in a gravimetric energy density of around 158 Wh/kg with a thermochemical
share in energy density of 21.1 %. The experimentally realized energy density is plotted
for the temperature range of the characteristic nearly isothermal bed height of the moving
bed, which can be attributed to the oxidation reaction.
Furthermore, the theoretical value of almost 200 Wh/kg (TGA in paper III) is displayed for
the equilibrium temperature of 981 °C, which is calculated for an atmosphere containing
21 % O2. The discrepancy between the experimentally gained energy density (moving
bed experiment in paper III) to the theoretical energy density results from the incomplete
oxidation and lower temperature and thus available sensible thermal energy.
The simulation of a steady-state moving bed reactor operated with the same particle and
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Figure 3.2 Gravimetric energy density attained at themoving bed experiment (including oxidation of
(Mn0.7Fe0.3)3O4 + 20 wt.% ZrO2, paper III) or simulation (including oxidation of (Mn0.75Fe0.25)3O4,
paper II) in comparison to the theoretical energy density of (Mn0.7Fe0.3)3O4 + 20 wt.% ZrO2 based
on the measured specific heat capacity and reaction enthalpy in TGA (paper III) displayed at the
theoretical equilibrium temperature for 21 % O2 oxygen concentration. Additionally, sintered
bauxite as a sensible thermal energy material based on a lower temperature border of 300 °C [31]
is depicted.
gas flow rates in comparison to the presented experiment yields the highest energy density
of around 240 Wh/kg of the delineated manganese-iron oxides (paper II). The considered
manganese-iron oxide in the simulation was unmodified and contained a slightly different
manganese-to-iron ratio. Furthermore, the simulation assumes a particle inlet temperature
greater than the oxidation temperature, in contrast to the experimentally or theoretically
determined energy densities. Therefore, the energy density is increased by an additional
amount of sensible thermal energy due to the cooling of the reduced phase of the metal
oxides until the oxidation starts. The simulation also confirmed the incomplete oxidation
resulting in an extent of conversion of 78 % and, thus, a thermochemical share in energy
density of 26 %. A full conversion under the same operational conditions would result in
an energy density of 258 Wh/kg.
The comparison between the energy densities of the investigated manganese-iron oxides
and sintered bauxite, as a candidate for particle based thermal energy storage, reveals that
the energy densities fall within a similar range at the same upper temperature threshold.
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Operations with sintered bauxite in a solar receiver achieved an average receiver outlet
temperature of 965 °C and thus proofed the general applicability of the material for a
temperature range comparable to manganese-iron oxide particles [15]. Therefore, in
terms of energy density, the manganese-iron oxides investigated in this work offer no
significant advantage over sintered bauxite as a candidate for thermal energy storage.
This results from the lower heat capacity in comparison to bauxite, and the low reaction
enthalpy, in comparison to the redox reaction of other metal oxides.
A techno-economic analysis for the presented CSP system based on either manganese
oxide, perovskite, cobalt oxide or bauxite applied as a heat transfer medium and thermo-
chemical/thermal energy storage material was performed by project partners [33]. The
application of manganese oxide materials showed slightly lower levelized cost of electricity
(LCOE) of -1.4 % compared to bauxite, whereas the high cost of cobalt oxide negates the
advantage of the high reaction enthalpy and resulted in an increase of LCOE of 43.7 %
compared to bauxite as a reference. The LCOE of the investigated manganese-iron oxide
can be assumed to be in the order of magnitude of the manganese oxide evaluated, since
the reaction enthalpy and the raw material costs are similar. Therefore, the investigated
manganese-iron-oxide does not seem to be suitable for an application in the presented CSP
system, unless an additional indirect heat transfer in the nearly isothermal bed segment
generates an additional benefit. Future work on metal oxides should therefore focus
on materials that meet the following requirements in order to be competitive with inert
thermal energy storage materials:
• The metal oxide needs to provide a higher reaction enthalpy and/or specific heat
capacity in comparison to manganese-iron oxide in order to increase the energy
density of the storage material.
• Faster effective oxidation kinetics of the metal oxide is necessary to overcome the
kinetic limitation and increase the power density of the moving bed.
• The material cost should be comparable or lower than the cost of manganese oxide
due to the large-scale availability of sintered bauxite.
Based on the results of this work, the phase transition of Fe2O3 / Fe3O4 could be an
extremely interesting candidate for thermochemical energy storage that combines a high
reaction enthalpy and low cost of raw material.
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This thesis presents an experimental and numerical investigation of the heat extrac-
tion from metal oxide particles in a counter-current moving bed reactor, in context of a
thermochemical energy storage system for a continuously operated point-focusing CSP
plant. The focus is on a combined utilization of both the sensible thermal energy and
thermochemical energy of the metal oxide particles, due to the elevated temperature level
at the CSP plant. The investigation is based on manganese-iron-oxide particles as reference
material, since they offer a suitable reaction temperature at ambient pressure operation in
air and sufficient chemical stability of the redox reaction. The material was modified with
CeO2, ZrO2, or TiO2, in order to mitigate the reported tendency towards agglomeration.
The addition of ZrO2 resulted in an enhanced particle stability in an attrition test rig and a
significant decrease of agglomeration during redox cycles in a fixed-bed reactor. Therefore,
the manganese-iron oxide was modified with ZrO2 to allow a continuous operation of
the counter-current moving bed. Thus, as a next step, the effect of the oxidation of a
metal oxide particle flow on the thermal performance of a counter-current moving bed
was analyzed experimentally in the scale of 2 kW and numerically with a transient 1D FEM
model, resulting in the following findings:
• Both investigations revealed the formation of two distinct temperature segments
along the moving bed height: One segment with nearly isothermal condition, and
one segment with a distinct temperature gradient.
– The nearly isothermal segment contributes only a negligible proportion to the
oxidation conversion, since the temperature is in a range of low reaction rates,
according to the numerical results. Furthermore, the heat transfer between gas
and solid is limited in this segment, due to a quickly decreasing temperature
difference in comparison to the segment with a distinctive temperature gradient.
– The segment with the distinctive temperature gradients causes the major extent
of metal oxide conversion, however, not to a full extent due to the high cooling
rates.
• The simulation clearly demonstrates the kinetic limitation of the manganese-iron
oxide, which effects the attainable energy density of the material and the thermal
power of the moving bed reactor caused by an incomplete conversion and the
limitation of flow rates.
• The described temperature profile of two distinctive segments in the moving bed
changes to only one segment with a temperature gradient for the heat capacity rate
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ratios above a material-specific ’tipping point’, which is also effected by the kinetics
in case of the utilized manganese-iron oxides.
• In order to increase the extent of conversion, an additional indirect heat transfer in the
nearly isothermal segment has the potential to locally reduce the solid temperature
to allow faster reaction rates. Thus, the moving bed reactor could provide direct heat
transfer to an air flow and indirect heat transfer to a subsequent high-temperature
process.
• Furthermore, the experiments indicated that future work needs to focus on the
particle flowability at high temperatures to allow the utilization of metal oxide
particles as a heat transfer material and thermal energy storage medium. In addition,
the beneficial effect of ZrO2 should be adressed, especially concerning the required
amount of additive to possibly improve the energy density of the metal oxide particles.
In the end, a comparison of the energy densities achieved in this work with an inert
material revealed a similar range of energy density for both materials. Taking also a
techno-economic analysis into account for the overall CSP system, the metal oxide needs
to offer a higher heat capacity than the bauxite material and/or higher reaction enthalpy
than the investigated manganese-iron oxide, in order to be competitive with a purely
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